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THE ACTION OF A TRANSVERSE ELECTROSTATIC FIELD UPON 
FLAMES 
.T. K. McNEELY1 AND E. W. SCHILLING' 
From tlie Electrical Engineerinig Laboratory, Iowa State College 
Accepted for publication .Tune 12, 1931 
In an earlier paper, the action of a transverse electrostatic field upon 
a propane field was reported3 • The results obtained with the propane flame 
seemed to indicate that the flame behavior was, to a large extent, dependent 
upon its carbon content. This paper reports the results obtained in using 
flames of varying carbon content. The flames were produced by burning 
the following: hydrogen, ethylene, methyl alcohol, methane, gasoline, acety-
lene, benzene, hydrogen sulphide and turpentine. 
THE COMBUSTION OF HYDROCARBONS 
The phenomenon of combustion is not completely understood. How-
ever, great progress in establis4..:i.ng the underlying principles has been made 
as the result of studies extending over the last two and one-half centuries. 
The separation of finely divided carbon in the thermal decompositions 
of the hydrocarbons is in all probability the cause of the luminosity of their 
flames. It seems established also that in general the hydrocarbons are more 
combustible than hydrogen in flames. rrhis means that the hydrogen and 
oxygen do not combine to form steam as a final product when there is a 
deficiency of oxygen. 'fhe chemical reactions are complicated, i. e., many 
intermediate combinations take place. It is nevertheless interesting to note 
that for propane ( C3H8 ) an atom of oxygen may serve to break up the 
molecule forming a molecule of carbon monoxide and releasing two atoms 
of carbon which may account for the luminous carbon which does exist. On 
the other hand, the chemical reaction resulting from the union of oxygen 
with one molecule of propane may produce sufficient heat to decompose ad-
jacent molecules by thermal decomposition. This thermal decomposition 
would account for the hydrogen and incandescent carbon. 
In the above discussion, propane has been used as an illustration. 
Similar properties exist with the other hydrocarbons. The molecules of 
some gases are more stable than others. The possible products of chemical 
reactions differ with the various hydrocarbons. The stability of these pro-
ducts vary. Hence, some variation in the behavior of the hydrocarbon 
flames should be expected. Experiments show that such variations exist. 
APPARATUS AND PROCEDURE 
The electrical equipment used in the present experiments was described 
in the companion paper to which reference has been made. A modification 
1Professor of Electrical Engineering, Iowa State College. 
' Instructor in Electrical Engineering, Iowa State College. 
"The Action of a Transverse Electro&tatie Field Upon a Propane F1ame, by Mc· 
Keely, Brown and Cr o&no, Iowa State College .Tour. Sci., 5:260-283 (1931). 
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WATER 
MO$$ ZINC WATER TRAP 
Fig. 1. Arrangement of Apparatus for Producing Hydrogen. 
of standard methods was necessary for producing the gases used in the 
experiments r eported in this paper. '£he combined use of flames and high 
voltage called for somewhat elaborate arrangements in order to insure 
safety. Figures 1, 2, 3, 6 and 10 are given to show how the gases were pro-
duced in successfully meeting the severe conditions imposed. 
DESCRIPTION OF EXPERIMENTS 
JI yclrogen. Hydrogen gas was produced by pouring hydrochloric acid 
on moss zinc, using the apparatus shown in figure 1. A separatory funnel 
was filled with hydrochloric acid and the acid was allowed to run into the 
bottle containing the moss zinc and water in the necessary amounts to pro-
duce the r equired pressure in the gas. A water trap was used to prevent back 
firing of the gas when lighted. A small bottle containing the sulphuric acid 
to dry the gas was placed next to the flame. This also acted as a trap. A 
nickel blow pipe was used as a burner in order to obtain a pure hydrogen 
flame. \\Then a glass tube is used sodium is given off, coloring the flame 
yellow. It was first thought that the sodium ions might cause the flame to 
be <leflected. It was found, however , that the use of a glass tube did not 
WATER TRAP 
Fig. 2. Arrangement of Apparatus for Producing 
Hydrogen Eethylene Gas. By substituting Na,H,O, 
and NaOH for H 2S04 and C2H,OH this apparatus pro-
duced Methane Gas. 
alter the results. The 
final test using hydro-
gen was made using a 
three-sixteenths inch 
copper tube. 
A hydrogen flame 
about two inches in 
h e i g h t and about 
three-fourths inch in 
diameter showed no 
visible attraction to-
ward either p 1 a t e 
when placed midway 
between the plates. 
\\Then placed about 
half an inch from the 
positive plate, th e 
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flame behaved exactly as it 
did when no field was present. 
Likewise the field had no ef-
fect when the flame was 
placed one-half inch from the 
negative plate. 
Ethylene, C2H4. This gas 
was produced by heating 
ethyl alcohol, C2H 50H, with 
sulphuric acid. The alcohol 
and by-products were re-
moved by bubbling through 
water. The apparatus used 
was as shown in figure 2. In 
order to obtain a pressure 
steady enough to maintain a 
flame, the water bottle must 
not contain too much water, 
thus furnishing a storage space. 
F ig. 3. Arrangement of Apparatus for Vaporizing 
Alcohol. Gasoline was vaporized with this appar-
atus by substituting the liquid gasoline for CH,OH. 
Liquid Benzene was also vaporized using this 
apparatus. 
This gas was made in rather small quantities and hence the flame was 
smaller t.han used in the othet experiments. It was about three-fourths of 
=·:!9 
WASTE SOAKED IN WATi."R 
CAl.CIUM CARBIDE:. 
an inch high. It was attracted by the 
negative plate when placed in the cen-
ter. It showed no attraction toward the 
positive plate. 
Methyl alcohol, CH30H. A pure alco-
hol flame was obtained by heating alco-
hol in a Florence flask. It was found 
necessary also to heat the tube conduct-
ing the vapor from the fl.ask to the flame 
in order to prevent condensation. 'fo 
obviate this difficulty, a copper tube was 
P ig. 6. Arrangement of Apparatus used and this was heated. See figure 3. 
for Producing Acetylene Gas. Wood alcohol was also burned from a 
paper wick. In this instance paper was 
placed in a test tube and saturated with 
alcohol. 
Using a flame about six inches high, it 
was noted that a high voltage produced 
a noticeable deflection which was toward 
the negative plate. 
tlCL. 
Methane, CH4 • This gas was made by 
heating sodium acetate and sodium hy-
droxide together and collecting the gas 
above yater. It was found that this mix-
ture must be heated for some little time 
before gas would be produced in suffi-
cient quantity to maintain a flame. 
H'ZO 
FE.$ 
l<,ig. 10. Arrangement of Apparatus 
for Producing Hydrogen Sulphide. 
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Fig. 4. Methyl Alcohol Flame. 
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:fig. 9. Benzene Flame. 
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Fig. 5. Gasoline Flame. 
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Fig. 8. Propane Flame from a Bunsen 
Burner. 
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Fig. 11. Hydrogen Sulphide Flame. 
Fig. 12. T'urpentine Flame. 
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Fig. 13. Ionization Produced by Hydrogen and 
Methyl Alcohol Flames. 
The yield of methane gas was small, but it was apparent that the flame 
was attracted to the negative plate. 
Gasoline, C6H 14 - C7H 16• This flame was produced by vaporizing gaso-
line. The gasoline was placed in a l~lorence flask and heated. The vapor 
was carried to the flame through a copper tube which could be heated to 
prevent the flame from back firing. 
A gasoline flame placed midway between the plates was found to be 
attracted by both plates, but showed a greater attraction for the negative 
than for the positive plate. 
Acetylene, C2H 2• Production of this gas was obtained by dropping cal-
<'ium carbide into water. However, it was found that this gave a varying 
pressure, which was not desirable. A piece of waste was moistened with 
·water and placed in the bottle with a small piece of calcium carbide. A trap 
was used. Figure 6 shows this arrangement, which gave a very satisfactory 
flame. 
This flame duplicated the results obtained with the gasoline flame. 
Prnpane, C3II8 . 'l'his was obtained from a tank containing the liqui-
ficd gas and was fed through low pressure valves to the flame. 
Figure 8 shows the action of the fiame burning from a Bunsen burner 
both with the lower orifice open and with it closed. 
Benzene, C6H 6 • A benzene flame was produced using the vaporized 
liquid. 'fhe apparatus used is as shown in figure 3. Here also a copper tube 
was used to conduct the vapor from the flask to the flame and means were 
provided for heating the tube to prevent condensation. 
A flame obtained by vaporizing this liquid burned with an exceedingly 
sooty flame. In general, the results were the same as obtained with gaso-
line, acetylene and propane, except that this flame was attracted even more 
1 han the others. 
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Fig. 14. Ionization P roduced by Different 
F lames. 
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Fig. 15. Ionization Produced by F lames of Dif-
fer ent Heights. 
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Hydrogen Sulphide, H 2S. This gas was produced from a mixture of 
dilute hydrochloric acid and ferrous sulphide. A trap was inserted between 
the generator and the flame to prevent back firing. This apparatus was ar-
ranged as shown in figure 10. 
'l'his gas was used because it does not contain carbon. Pure hydrogen 
gas was apparently unaffected by the field and it was desired to determine 
whether or not sulphur would act like carbon. It was found that this flame 
when placed in the center was attracted toward the negative plate and very 
slightly toward the positive. When placed one-half inch from the negative 
and positive plates, respectively, it was noted that although it was doubtless 
affected to some extent, it was so small as to be undetected. 
Turpentine, C10H 14. Turpentine was burned from a wick. Boiling it 
would not produce sufficient vapor to maintain a flame. 
The flame was smokier than that produced by benzene. It was attracted 
in exactly the same manner as gasoline, acetylene, propane and benzene. 
SUMMARY 
'fhe hydrogen flame was not affected by the electrostatic field. The 
hydrogen molecule cannot take on an extra electron and remains neutral. 
_, 
In other words, no ionization takes place. This is shown by the amount of 
current required to maintain the voltage on the plates. It was found to be 
the same with the flame interposed as without the flame. 
This experiment also shows that there is no such thing as an ''electric 
wind'' in the sense indicated by some writers. Foster and Porter have writ-
ten in thei rtextbook, ''Electricity and Magnetism,'' ''. . . by connecting a 
point and a plate with two sides of an electric machine, the electric field be-
tween them is constantly reproduced, and discharge takes place continu-
ously. The air clase to the point having given way, the stress in the air far-
ther off has nothing to counterbalance it, and the air consequently moves in 
a continuous stream away from the point, constituting what is known as the 
electric wind.'' The fact that the hydrogen flame is not deflected, shows that 
there is no transverse current of air. When a hydrocarbon flame is used, 
there is a current of air in the direction of the deflection, but this is due to 
the motion of the burning gas. The current of air does not produce the de-
flection, but results from it. 
A galvanometer in the line from the negative plate to ground gave the 
values of the current for the various experiments. If the amount of free 
earbon in a flame may be judged by the color of the flame, the ionization as 
measured by the current bears a direct relation to the free carbon. Figure 
15 shows that a small flame produces a large amount of ionization. Also, 
the amount of ionization is decidedly greater for the larger flames. 
8 J. K. ::\f'NEELY AND E. W. SCHILLING 
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INTRODUCTION 
One of the outstandingly important reactions of organic chemistry is 
alkylation, and the widest applications of such reactions as Friedel-Crafts, 
Wurtz-Fittig, Grignard, acetoacetic and malonic ester condensations, etc., 
turn on such alkylation. In general, esters of inorganic acids like the 
halogen and sulfonic acids are used for this purpose. The high success at-
tending alkylation by means of sulfonic esters and organomagncsium 
halides1, 
RS020-Alkyl + R'MgX--.,) R'-Alkyl + RS020MgX 
suggests its use with furan compounds. 
. . . (I) 
. (II) 
The present study shows that this reaction does indeed occur with 
furan compounds, and that the method (and others using sulfonic esters) 
are of promise in extending the introduction of furyl-alkyl or tetrahydro-
furyl-alkyl groups. Naturally, the first acid studied was the accessible 
p-toluenesulfonic acid or its acid chloride, p-CH3C6H4S02Cl. The follow-
ing transformations have been effected. 
H?C-CH., 
-, I - (KOH) 
H2C CHCH20H +Cl- S -C6H4CH3 ---,) 
"'-/ II~ 
0 0 0 
H .. C- CH., 
-, I -
H2C CHCH2 - 0 - S - C6H4CH3 (Ill) 
"'-/ II~ 
0 0 0 
'Gilman and Hook, Ber., 62, 1379 (1929) and J. Am. Chem. Soc., 50, 2223 (1928). 
These articles contain leading references to earlier work. 
[11] 
12 IIENRY GILMAN AND ROBERT E· BROWN 
(IV) 
'fhe tetrahydrofurfuryl p-toluenesulfonate (III) underwent consid-
erable decomposition when attempts were made to distill it under reduced 
pressure. Fortunately, this was not a serious disadvantage because it was 
found that the oily ester could be conveniently purified by heating it in an 
oil bath at about 145-150° /1 mm. to remove volatile impurities. The yield 
was excellent (in excess of 90%). When treated with benzylmagnesium 
chloride, tetrahydrofurfuryl-phenyl-methane (IV) resulted. 
Some orienting studies made by J. B. Dickey on the attempted syn-
thesis of furfuryl p-toluenesulfonate indicate that the ester is probably 
first formed and then undergoes subsequent reaction with sodium fur-
furylate to give a di-a-furfuryl ether (C4H 30CH2 )20. One of the proced-
ures involved the interaction of sodium furfurylate and p-toluenesulfonyl 
chloride in an inert medium. Under related conditions, Ferns and Lap-
worth2n obtained dibenzyl ether and postulated the intermediate formation 
of benzyl p-toluenesulfonate. Di-a-furfuryl ether was prepared earlier in 
another way by Zanetti2b . 
Incidental to these studies, tetrahydrofurfuryl chloride, bromide and 
iodide were prepared3 • These halides were treated, in some orienting ex-
periments, with magnesium in ether with a view to preparing the corre-
sponding organomagnesium halides. The encouraging progress with fur-
furyl chloride, C4H 30CH2Cl, in · related experiments4 warrants the expec-
tation that these RMgX compounds will form. When optimal conditions 
for their preparation have been developed the reagents should prove of 
considerable value in extending the utility of furan compounds. 
Another important alkylation reaction is that of Friedel-Crafts. This 
reaction has been most extensively applied with aromatic compounds like 
benzene. In connection with a corresponding study with furan compounds 
(which have so much in common with benzene types), it is interesting to 
observe that Mr. N. 0. Calloway has already shown that the alkyl group 
can be introduced in the furan nucleus (probably in the 5-position) when 
alkyl furoates are treated with alkyl halides and aluminum chloride. These 
reactions are being extended to include other furan types as well as other 
reactants like acid chlorides, acid anhydrides, etc. 
"Ferns and Lapworth, J. Chem. Soc., 101, 273 (1912) . bZanetti, J. Am. Chem. 
Soc., 49, 1061, 1065 (1927). The authors ara grateful to Dr. Zanetti for a sample of bis 
ili-a-furfuryl ether. 
'Dox and Jones, J. Am. Chem. Soc., 50, 2033 (1928) prepared the bromide from the 
alcohol and hydrobromic acid or phosphorus tribromide. Kirner, ibid., 52, 3251 (1930) 
prepared tho chloride from the alcohol and thionyl chloride (in good yields) and phos-
phorus trichloride. 
'Gilman and Burtner, Iowa State College Jour. Sci., 5, 189 (1931). 
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EXPERIMENTAL PART 
Tetrahydrofurfuryl p-Toluenesulfonate, C4H70CH20S02C6H 4CH3.-
The general procedure was that used earlier5 for the preparation of other 
esters. 
To a solution of 95.3 g. (0.5 mole) of p-toluenesulfonyl chloride in 350 
cc. of dry ether in a 500 cc. Erlenmeyer flask were added 51 g. (0.5 mole) 
of tetrahydrofurfuryl alcohol. The solution was cooled in an ice-salt bath 
to zero and finely powdered potassium hydroxide was added in small por-
tions until 56 g. (1.0 mole) had been added. During the addition the tem-
perature of the solution was not allowed to rise above 5°. The flask was well 
stoppered and it was allowed to stand, with frequent shaking, for two 
hours in an ice bath. After the reaction had ceased the contents of the 
flask were creamy-white and somewhat viscous. The mixture was poured 
into 800 cc. of ice water and it was then well stirred. The ether layer 
was separated and the water layer was extracted twice with 100 cc. and 
50 cc. of ether, respectively. The combined ether extracts were dried over 
potassium carbonate and the ether was distilled off on the water bath. The 
remaining mass was a light yellow, somewhat viscous liquid. The last traces 
of ether were removed by heating the liquid on the water bath at the 
pressure of a good water pump. This liquid was divided into equal por-
tions and the distillation of each portion was attempted. 
The first portion of the ester was placed in a 500 cc. Claisen flask, 
which was heated by an oil bath, and distillation was attempted at 1 mm. 
pressure. The temperature of the oil bath was slowly raised and a small 
amount of distillate boiled over at 120°. While changing the receiver the 
ester in the Claisen flask decomposed violently. The distillation of the sec-
ond portion of the ester was attempted under the same conditions except 
that no attempt was made to change the receiver. As before a small amount 
of distillate appeared at about 120° with the oil bath at about 145°. The 
temperature of the bath was slowly raised and at about 155° the ester in 
the flask commenced to darken very slightly. As the temperature of the 
bath was slowly increased the ester became darker and darker. At 180° 
it became so dark that the source of heat was removed. In spite of the 
removal of heat further decomposition took place and suddenly the ester 
foamed up into a dark brown, almost black, froth which quickly filled the 
whole distilling apparatus. The pressure on the distilling system, except 
at the very end, did not exceed 1 mm. 
A second amount of the ester was made exactly according to the direc-
tions given above, but instead of trying to distill the product it was heated 
in an oil bath at 145-150° /1 mm. to remove volatile ingredients. The ester 
was cooled in the flask without releasing the pressure until all danger of 
decomposition had passed. The product was a light yellow, slightly vis-
cous liquid. The yield of the ester was 119 g., 93 per cent of the theoretical. 
Anal. Calcd. for C1~H1604S. S, 12.50. Pound: S, 12.09, 12.03. 
Reaction of Este1· with Benzylmagnesium Ohloride.-To a solution of 
0.5 mole of benzylmagnesium chloride in 400 cc. of ether, a solution of 102.4 
g. (0.4 mole) of tetrahydrofurfuryl p-toluenesulfonate in an equal volume 
5Gilma.n and Beaber, J. Am. Chem. Soc., 47, 518 (1925). 
r 
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of ether was slowly added with stirring. A gentle reaction took place when 
the ester was added to the Grignard reagent and after about half of the 
ester had been added the mixture in the flask separated into two layers, the 
lower one a heavy, viscous paste, the upper a mobile ether solution. After 
the whole of the ester had been added the mixture was stirred as well as 
could be done for three hours. As much of the mixture as could be poured 
out of the flask was hydrolyzed by means. of ice water; that remaining 
in the flask was hydrolyzed by adding ice to the flask. These combined 
portions were extracted well with ether and the ether solutions were dried 
over anhydrous potassium carbonate. After the ether had been distilled 
from the solution the remaining oil was distilled at 14 mm. At this pressure 
.15 g. of a pale yellow liquid distilled at 133°. This was tetrahydrofurfuryl-
phenyl-methane. A large, almost black, tarry residue could not be distilled 
or hydrolyzed by sodium hydroxide. No halide was obtained. 
Anal. Calcd. for C12H 160, C, 81.81; H, 9.16. Found: C, 81.69; H, 9.20. 
Preparation of TetrahydrofurfU1·yl Halides, C4H 70CH2X.-The pre-
paration of these halides was developed incidental to a series of studies 
on the splitting of the furan and tetrahydrofuran nuclei. None of the 
chloride was isolated when a benzene solution of the alcohol was treated 
with hydrogen chloride. The chloride was then made by the thionyl chlor-
ide-pyridine method and its properties and analysis agreed with those 
described by Kirner8 • 
The bromide was prepared incidental to the same studies from tetra-
hydrofurfuryl alcohol and hydrogen bromide3 • One-half mole, 51 g., of 
tetrahydrofurfuryl alcohol in 50 cc. of benzene was cooled in ice and then 
saturated with dry hydrogen brom,ide. As in the other cases of the treat-
ment of the alcohol with a hydrogen halide the solution soon turned dark. 
After standing for 24 hours at room temperature in a closed :flask the solu-
tion was gently refluxed for three hours while a slow stream of hydrogen 
bromide was passed into the flask. The mixture was fractionally distilled 
at 12 mm. pressure. A considerable fraction was obtained boiling be-
tween 65° and 72°. This fraction contained much halogen and it was only 
partly miscible with water. Therefore it was well shaken with water and 
the insoluble layer was separated and dried with calcium chloride. On 
distillation at atmospheric pressure it boiled at 160-161°. This distillate . 
was analyzed by the Carius method and it was found to be tetrahydrofur-
furyl bromidc3 • The yield of bromide amounted to 17 g., or 20.6 per cent 
of the theoretical yield. 
In an attempt to prepare tetrahydrofurfuryl iodide by the action of dry 
hydrogen iodide on the tetrahydrofurfuryl alcohol no iodide was obtained. 
The reaction produced a great amount of black decomposition products, 
and about 50 per cent of the alcohol was recovered. Therefore, the prepara-
tion of the iodide was attem'pted by a metathetical reaction of the chloride 
and sodium iodide. Twelve g. (0.1 mole) of tetrahydrofurfuryl chloride 
was addetl to a solution of 16 g. (0.2 mole) of dried sodium iodide in 80 
cc. of pure acetone in a 150 cc. Erlenmeyer flask. The flask was tightly 
stoppered and put in a dark place. After several days a small, white pre-
cipitate had appeared and the solution was light brown in color. At the 
end of two weeks the solution had turned to a dark brown and the precipi-
tate had increased considerably in amount. The acetone was then distilled 
off with a water pump and the residue was treated with 50 cc. of water to 
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(lissolve the sodium halides. This mixture was thrice extracted, first with 
30 cc. of ether, and twice with 10 cc. portions of ether each time. The 
combined ether extracts were dried by shaking with calcium chloride in a 
separatory funnel for about one-half hour. Distillation at 3 mm. pressure 
produced 6 g. of unchanged chloride, and 4 g. of an almost colorless liquid 
at 69-70°. The distillate darkened slowly on exposure to air. This 4 g. 
distillate was the tetrahydrofurfuryl iodide. 
Anal. Calccl. for C;;HnOI: J, 60.09. Found: I, 59.54. 
SUMMARY 
'fhe alkylating action of sulfonic esters and organomagnesium halides 
has been shown to apply with tetrahydrofurfuryl p-toluenesulfonate. Fur-
furyl alcohol with p-toluenesulfonyl chloride probably first give the cor-
responding sulfonate which then undergoes subsequent reaction to yield di-
furfuryl ether. In attempts to split the ring with halogen acids, tetra-
hydrofurfuryl bromide was prepared from tetrahydrofurfuryl alcohol and 
hydrogen bromide. Tetrahydrofurfuryl iodide, prepared from tetrahydro-
furfuryl chloride and sodium iodide, is less stable than the corresponding 
chloride and bromide. ' 
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The first attempts to isolate and classify bacteria producing propionic 
acid as a principal product of their fermentation were carried out by Orla-
,J ensen working with von Freudenreich in 1906. 'fhese investigators 
divided their cultures of propionic acid bacteria into three groups based 
upon morphological differences: 
( 1) Bacterium acidi p1·opionici a-a very short rod or stretched coc-
cus, easily confused with Streptococciis lactis (Bacterium lactis acidi). 
(2) Bacterium acidi propionici b-a short rod similar to Bacterium 
acidi propionici a, but when grown at a higher temperature (35-37°C.), ex-
hibiting long, irregular rods or involution forms. 
(3) Bacill1is acidi propiorjci-a plump irregular or slightly curved 
rod, less anaerobic than the other two forms. 
'fhese investigators found all three forms to be easily stained, Gram 
positive, non-motile, gelatin non-liquefying, facultative anaerobes, having 
the ability to ferment lactates with the formation of propionic, acetic and 
carbonic acids. A quantitative determination showed that for each molecule 
of lactic acid which is split and oxidized to form acetic and carbonic acids, 
two other lactic acid molecules are reduced to propionic acid according to 
the following equation : 
3 C3H60R = 2 C3H602 + C~H~O!! + C02 + H20 
lactic propionic acetic 
acid acid acid 
'fhe three groups showed different reactions in milk: Bacteriiim acidi 
prop·ionici a did not coagulate milk, Bacterium acidi propionici b did only 
after several days, and Bacillus acidi propionici did after two days. 
Orla-J ensen ( 1909) grouped the prop ionic acid bacteria into a genus 
for which he proposed the name Propionibacterium. He believed that bac-
teria should be classified on the basis of their physiological characteristics, 
and stated that since the propionic acid bacteria distinguish themselves by 
oxidizing as well as reducing the cleavage products, as do the coli organ-
isms, it is natural to separate them by these properties, therefore, the genus 
takes an intermediate place between the aerogenes and the lactic acid bac-
teria. 
Thoni and Allemann ( 1908) were attracted by peculiar red and brown 
spots appearing on the ~mt surface of Emmental cheese. These spots proved 
to be almost pure cultures of organisms showing great similarity· to von 
Freudenreich and Orla-J ensen 's propionic acid bacteria. Thoni and Alle-
mann 's organisms produced a distinct red and brown pigment. They sug-
gested the names Bacteri1im acicli p1·ovionici var. rubnim and Bacterium 
[17] 
18 C. II. WERK:\IAN AND SARA E . KENDALL 
acidi propionici var. fuscwrn for their organisms. Their descriptions do not 
permit adequate identification of these two organisms. 
Troili-Petersson (1909) using a slightly alkaline medium, isolated, from 
Swedish cheeses, in addition to types 'a' and 'b' a new type which she 
called Bact. acidi propionici c, differing in its fermentative behavior. 
Wolff (1912) isolated a few cultures of organisms capable of produc-
ing propionic, acetic and carbonic acids from lactates. Wojtkiewicz (1923) 
isolated and identified several cultures of Bact. acidi propionici a from Rus-
sian cheeses. Neither worker contributed to systematic knowledge of the 
propionic acid bacteria. 
As a result of the work of Sherman and co-workers (1921-1923) an 
additional type, 'd ', was added to the list ; this type differed in its action in 
milk and glycerol. Sherman designated his organism Bact. acidi pro-
pionici d. 
Van Niel (1928) working in Kluyver's laboratory in Delft, is an im-
portant contributor to our knowledge of the propionic acid bacteria. His 
contribution to the classification and nomenclature of these organisms re-
sulted from a study of 30 cultures. Van Niel recognizes eight species, one 
of which, Propionibacterimn technicum, is new. 
Van Niel accepts the generic ranking of the propionic acid organisms 
with the name Propionibacterium as proposed by Orla-J ensen in 1909, but 
substituted species nam:es in conformity to scientific rules of nomenclature. 
His species and nomenclature are as follows: 
Propionibacteriurn F'reitdenreichii van Niel, for Bacterium acidi pro-
pionici a, von Freudenreich and Orla-J ensen. 
P1·opionibacterimn J ensenii van Niel, for Bacterimn acidi propionici b, 
von Freudenreich and Orla-J ensen. 
Propionibacterimn Peterssonii van Niel, for Bacterium acidi propionici 
c, Troili-Petersson. 
Propionibacteriilm Shermanii van Niel for Bacterium acidi propionici 
d, Sherman. 
Propionibacterimn pentosaceum van Niel, for Bacillus acidi propionici 
von li'reudenreich and Orla-J ensen. 
Propioniba.cteriiim rnbrum van Niel, for Bacterium acidi propionici, 
var. rubrum, Thoni and Allemann. 
Propionibacterium Thoni van Niel, for Bacterium acidi propionici, var. 
fuscum, Thoni and Allemann. 
Prnpionibacterimn technicu1n, van Niel, a previously undescribed strain 
with the power to ferment starch. 
The present systematic study of the propionic acid bacteria is based 
upon 32 cultures. It has been the purpose to work out a convenient and 
rational grouping of the cultures based upon physiological characters. This 
choice is made for the convenience of identification of cultures, since mor-
phological differentiation of the species based upon involutionary changes 
in acid, or alkaline medium under aerobic or anaerobic conditions does not 
lend itself to practical utilization. Ther e is a high degree of correlation be-
tween the morphological and physiological criteria, and it is not implied 
that disagreement exists. ' 
Appreciation is expressed for cultures received as follows : Nos. 1, 2, 
3, 5, 7, 8, 9, 10, 11, 12, 13, 14 and 15 from Dr. J. M. Sherman of Cornell 
University, Ithaca, N. Y. Nos. 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27 from 
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Dr. C. B. van Niel of Stanford University, Palo Alto, California. No. 6 
from Dr. L.A. Burkey of the Dairy Division, U.S. D. A., Washington, D. C. 
KEY TO THE SPECIES OF PROPIONIBACTERIUM 
A dichotomous key to the species of Propionibacterium has been con-
structed, based on physiological differences. A key to the propionic bac-
trria based upon morphological characters proves inconvenient and is liable 
to lead even experienced investigators into error in the identification of 
species. The advantages of a dichotomous key are apparent. 
In the use of physiological characters, care has been taken to use only 
those characters in the key which ·give sharp reactions. The propionics are 
characterized by their ability to vigorously attack certain carbohydrates 
and to mildly attack others as judged by the acidity developed. A number 
of carbohydrates have not been used in the key for this reason. 
Bergey's (1930) key to the species of the genus contains several im-
practicable differentiations, such, for instance, as the extensive use of 
pigment formation as well as the use of ratios of propionic to acetic acid. 
His primary separation of the group on the basis of pigment and non-
pigment formation is undesirable in view of the facts (1) that the produc-
tion of the deeper colored pigments is uncertain and not sharply differen-
tiated, and (2) that all the propionics studied by the authors may be 
considered to produce some pigment. The color ranges gradually from a 
cream to a brownish red. Any extensive use of pigment formation leads 
to confusion. We have used it to separate two species, one P. nibrmn pro-
ducing a brownish red, and P. raffinosaceum, producing a cream to buff 
pigment. 
Pigment has been described in terms of the color charts in Mulliken, 
Identification of Pure Organic Compounds, Vol. 1. 1904. J. Wiley and Sons. 
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A. Attacking sucrose and maltose 
B. Attacking the polysaccharides (starch, dextrin, glycogen) 
- Prop'ion-ibacterium technicum 
BB. Not attacking polysaccharides 
C. Attacking xylose and arabinose. Nitrates reduced. 
-Propionibacteriuin pentosaceum 
CC. Not attacking xylose and arabinose. Nitrates not reduced. 
D. Attacking raffinose 
E. Pigment yellow 
- Provionibacteri·nm raffinosaceum 
EE. Pigment red-brown 
-Propionibacteriiim rubnim 
DD. Not attacking raffinose 
E. Attacking mannitol. Not attacking sorbitol 
F. Attacking amygdalin and salicin 
- Propionibacterinm Peterssonii 
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FF. Not attacking amygdalin or salicin 
-Pi·opionibacterium J ensenii 
EE. Not attacking mannitol. Attacking sorbitol 
-Propionibactei·ium Thoni'i 
AA. Not attacking sucrose and maltose 
B. Attacking lactose. Nitrates not reduced 
-Propionibacteriitm Shermanii 
BB. Not attacking lactose. Nitrates reduced 
-Propion·ibacterium Freudenreichii 
Bergey separates P. Thonii from P. rubrum by the fact that the for-
mer produces acids in the ratio of 5 :1 and the latter in the ratio of 3 :1. 
Mannitol, amygdalin and raffinose, among others, can be used to effect 
this separation. 
Certain conditions, necessary in view of the properties of the propionic 
acid bacteria, must be imposed in the use of this key. A yeast medium fur-
nishes much better growth than peptone media, but has the disadvantage 
that it may develop an aciditY'Upon standing, which may give a red color 
with Andrade 's indicator. We add approximately 50 grams of dried yeast 
to a liter of distilled water, boil to break down the cells, and allow the mix-
ture to infuse in a refrigerator for at least one day. The supernatant 
liquid is removed and to it are added the other constituents excepting the 
carbon source, which is sterilized separately in a small amount of distilled 
water and added later, generally at the rate of 0.5 per cent. 
'rhe basal medium consists of the yeast infusion to which have been 
added two grams K 2HP04 per liter and adjusted to pH 7.2. Brom-thymol 
blue or Andrade 's indicator may be used. However, to avoid confusion, 
ten cubic centimeters of a four-day culture showing good growth should 
be titrated. A substantial production of acid requiring at least 1.5 cc. of 
0.1 N alkali to neutralize should be present. This procedure is especially 
necessary in the use of the polysaccharides, which, due to certain causes, 
may show the presence of a small amount of acid. This is especially true 
in the case of P. pentosaceum. Reduction of the indicator must be guarded 
against; it is frequently necessary to add indicator solution to the culture. 
THE GEN1JS PROPIONIBAOTERIUM 
The name Propionibacter·ium was proposed in 1909 by Orla-Jensen 
for the group of rod-shaped organisms fermenting lactose and lactates with 
the formation of considerable quantities of propionic acid. Orla-J ensen 's 
statement is : 
'' Da die Propionsaurebakterien wie die Coli-Bakterien sich dadurch 
auszeichnen, clasz sie die gebildeten Spaltungsprodukte sowohl oxydieren 
als auch reduzieren konnen, ist es natiirlieh, auch sie von den letzteren 
abzuleiten. In kultureller Beziehung nehmen sie eine Zwischenstellung 
zwischen den Aerogenes-Bakterien und den Milchsaurebakterien ein, indem 
sie in der Stichkultur sich auf der Oberflache um so weniger ausbreiten je 
groszer ihre Fabigkeit zur Bildung von Propionsiiure ist. Sie bilden unbe-
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wegliche Stiibchen oder Diplokokken, die vollig an Streptococcus lacticus 
erinnern. Sie vergaren sowohl Laktose als auch Laktate. Sie greifen das 
Kasein nicht an, sondern spalten die von den peptonisierenden Bakterien 
gebildeten Produkte weiter. Wegen ihrer reduzierenden Eigenschaften ent-
wickeln sie Schwefelwasserstoff, wenn sie Pepton zur Verfiigung haben. 
"\Vir wollen die Gattung Propionibacterium nennen." 
Later Orla-J ensen ( 1921) proposed Propionicoccus as the name of a 
genus for the coccus forms. In view of the known morphology of the pro-
pionics the significance of the latter name is lost. Orla-J ensen 's statement 
is as follows : 
"Whereas the shape of cells was formerly used as a family character, 
I have adopted it only as a generic one, and if we do not want to further 
confine its significance and only consider it as a specific character, we shall 
doubtless have to set up the genus Propionicoccus besides the genus Pro-
pionibacterium. '' 
Buchanan in 1921 states: 
''The status of the genus is doubtful, as no species is described or re-
ferred to. " 
Since then a number of workers have described new species and Pro-
pionibacterium was accepted by Van Niel (1928) to designate the genus. 
Bergey ( 1930) places the genus as the eleventh in the family Bac-
teriaceae. Tribe Propionibacterieae has the one genus Propionibacterium 
with the characters of the tribe. 
There is good reason to afford generic ranking to the group of pro-
pionic acid bacteria. They show a natural uniformity in both cultural and 
physiological characters. They are non-motile short non-sporulating rods 
or ''stretched'' cocci with involutionary changes depending upon acidity or 
oxygen tension. 
All are gram positive, retaining this character even after death of the 
culture due to age (two years) in a refrigerator. All show metachromatic 
staining with Albert's stain resembling, in this respect and in their involu-
tion forms, Corynebacterium diphtheriae. 
Physiologically they are characterized by the production of propionic, 
acetic and carbonic acids from carbohydrates, organic acids, polyalcohols 
and glucosides. All are catalase positive and grow under anaerobic con-
ditions. 
Generic Diagnosis: Provionibacterimn, Orla-Jensen, 1909. 
Short rods, non-motile, non-sporulating, gram-vositive, assuming in-
volution forms in acid media or under aerobic conditions. Anaerobes, 
catalase positive, failing to liqiiefy gelatine or to produce indol. Attack 
carbohydrates, polyalcohols, gl1icos-icles and hyd1·oxy and keto acids with 
the prodiiction of relatively large qiiantities of propionic acid with lesser 
am01ints of acetic ac'id and C02 • R eq1iire complex organic nitrogen com-
pounds. Mesophilic. 
The type species is Propionibacteriitm Freiidenreichii . . 
DESCRIPTION OF THE SPECIES 
Nine species are recognized in the genus based on a study of 31 cul-
tures. Table 1 gives the fermentations in carbohydrate media. 
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Propionibacterium Freiidenreichii 
van Niel, 1928 
23 
Synonyms : Bacteri1tm acidi propionici a, von Freudenreich and Orla-Jen 
sen, 1906, Bacteriwrn acidi propionici var. fusciim Thoni and Allemann, 
1908. 
Cidtures: l, 2, and 28. 
Cnltural Characteristics: 
Morphology: Medium: yeast-lactate-phosphate liquid. 
Temperature: 30°C. 
Form: Very short rods, nearly spherical. 
Arrangement : Single. 
Size: 0.5 x 0.6µ.. 
Non-motile. 
Staining: Gram positive. 
Metachromatic granules with Albert's stain. 
Growth: Liquid medium: distinctly turbid, ropy sediment, grayish 
cream. .,, 
Agar slants: Granular streaks. 
Aerobic: Slight growth, cream color. 
37°C.: Good growth. 
Acid media : Cells nearly spherical, partly in chains. 
P igment formation: Cream colored to yellow (Mulliken, OY tint 
2 to YO tint 1). 
Litmus milk: Slight decolorization of indicator. 
Potato: No growth. 
Biochemical Chamcters: 
Catalase positive. 
Nitrates reduced to nitrites. 
Indol negative. 
Acetyl-methyl-carbinol not produced from dextrose. 
Gelatin liquefaction: None. 
Fermentation Reactions : 
Acid from glucose, mannose, levulose, galactose, arabinose ( sl. ), escu-
lin, glycerol, adonitol, inositol, and erythritol. 
No acid from sucrose, maltose, lactose, trehalose, raffinose, melezitose, 
dextrin, glycogen, inulin, starch, xylose, rhamnose, salicin, amyg-
dalin, dulcitol, mannitol, sorbitol, perseitol, pectin, and xylan. 
Propionibacterium Freudenreichii conforms to the generic diagnosis. 
In addition it exhibits a slight aerobic development and a good growth at 
37°C. and reduces nitrates to nitrites. Acetyl-methyl-carbinol is not pro-
duced from glucose; milk is not coagulated. Acid is produced from the 
hexoses, arabinose, esculin, glycerol, adonitol, inositol, and erytbritol. No 
acid is produced from the disaccharides, trisaccharides, and polysaccharides. 
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Propionibacterium J ensenii 
van Niel, 1928 
Synonyms: Bacterium acidi propionici b, von Freudenreich and Orla-Jen-
sen, 1906. 
Cultures: 27 and 32. 
Culforal Characteristics: 
Morphology : 
Temperature 30°0. 
Form : Short rods. 
Arrangement : Single. 
Size: 0.7 x 1.0-1.3µ.. 
Non-motile. 
Staining: Gram positive. 
Growth: No marked involutionary forms in acid media. 
Pigment formation: Yellow to orange (Mulliken: yellow-orange, 
normal tone in young cultures to orange-shade in old cul-
tures). 
Biochemical Characters: 
Oatalase positive. 
Nitrates not reduced to nitrites. 
Gelatin liquefaction: None. 
Fermentation Reactions: 
Acid from dextrose, levulose, galactose, saccharose, adonitol, maltose, 
lactose, raffinose (occasionally), esculin, mannose, glycerol, ery- · 
thritol, inositol, mannitol, trehalose. No acid from xylose, arabi-
nose, dextrin, starch, glycogen, inulin, dulcitol, amygdalin, mele-
zitose, perseitol, pectin, raffinose, rhamnose, salicin, sorbitol and 
melibiose. 
Propionibacteriiim J ensenii conforms to tlie generic diagnosis, and at-
tacks the monosaccharides, disaccharides, and glycerol. It produces an 
orange-yellow pigment. 
P'l'Opion'ibacterium Peterssoni1: 
van Niel, 1928 
Synonyms: Bacterii1m acidi propionici c, Troili-Petersson, 1909. 
Culfores: ll, 12, 24 and 25. 
Cultural Characteristics: 
Morphology: Medium: yeast-lactate-phosphate liquid. 
Temperature: 30°0. 
Form: Short rods. 
Arrangement: Single, pairs. 
Size : 0.7 x 2-3µ.. 
Non-motile. 
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Staining: Gram positive. 
Metachromatic granules. 
Growth : Liquid medium : slightly turbid, sediment in flaky mass. 
Agar slants : Beaded. 
Aerobic : Good growth. 
37°0. 11: Slight growth. 
12 : No growth. 
24 : Slight growth. 
25 : Slight growth. 
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Pigment formation: Cream yellow (Mulliken: OY yellow, tint 2). 
Litmus milk: Slight decolorization, acid, and very slight coagulation . 
Potato : Slight growth. 
Biochemical Charactet·s: 
Catalase positive. 
Nitrates not reduced to nitrites. 
Indol negative. 
Acetyl-methyl-carbinol not produced from glucose. 
Gelatin liquefaction: None. 
ff'ermentation R eactions: 
Acid from glucose, aclonitol, arabitol, amygdalin, mannose, levulose, 
galactose, sucrose, erythritol, maltose, lactose, trehalose, melezi-
tose (slight), salicin, esculin, glycerol, mannitol, adonitol, inositol. 
No fermentation from raffinose, dextrin, glycogen, inulin, starch, 
xylose, arabinose, sorbitol, rhamnose, dulcitol, perseitol, pectin, 
mclibiose and xylan. 
Provionibacteriurn Petcrssonii conforms to the generic diagnosis. In 
audition it exhibits a good aerobic growth, coagulates milk very slowly, 
does not reduce nitrates or produce acetyl-methyl-carbinol from glucose. 
Of the carbohydrates, the hexoses and disaccharides are attacked; also 
salicin, esculin, glycerol and mannitol. Raffinose, the polysaccharides, pent-
oses, p ectin and xylan are not attacked. 
Propion·ibacteriu.m Sherrncinii Yan Niel, 1928 
S ynonyrn8: Ra.cterium, acid1'. propionici d, Sherman, Hl21. 
C1tltitres: 3, 4, 5, 6, 26 and 21. 
Cultural Characteristics: 
Morphology: Medium: yeast-lactate-phosphate liquid. 
Temperature : 30°0. 
Form : Short rods. 
Arrangement : Single. 
Size: 0.5 x 0.6µ.. 
Non-motile. 
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Staining: Gram positive. 
Metachromatic granules. 
Growth : Liquid medium: Moderately turbid, ropy sediment. 
Agar slants: Moderately granular. 
Aerobic : Slight growth or none at all. 
37°C.: No growth. 
P igment formation: Slight, yellowish (Mulliken : Y, t int 2) . 
Litmus milk: Complete decolorization, acid, coagulation . 
Biochemical Characters: 
Catalase positive. 
Nitrates not reduced to nitrites. 
Indol negative. 
Acetyl-methyl-carbinol not produced from glucose. 
Gelatin liquefaction : None. 
Permentation Reactions: 
Acid from glucose, mannose, arabitol, levulose, galactose, lactose, arabi-
nose (slight) , esculin, glycerol, adonitol, salicin (slight) , inositol 
and erythritol. No acide from sucrose, maltose, trehalose, raffinose, 
melezitose, dextrin, glycogen, inulin, starch, xylose, rhamnose, 
amygdalin, dulcitol, mannitol, sorbitol, perseitol and pectin. 
Propionibacterium Sherman'ii conforms to the generic diagnosis. In 
addition it exhibits no growth at ?7°C., or under aerobic conditions. 
Coagulates milk and reduces nit rates to nitrites. It does not produce 
acetyl-methyl-carbinol from glucose. Acid is produced from hexoses, lac-
tose, glycerol, adonitol, inositol and erythritol. No reaction is shown with 
the disaccharides (excluding lactose)°, the trisaccharides, polysaccharides. 
pectin and xylan. 
Propionibacterium pentosaceiim van Niel, 1928 
Synonyms: Bacillus acidi propionici von Freudenreich and Orla-J ens~n, 
1906. 
Cultures: 13, 20 and 31. 
Cultural Characteristics: 
Morphology: Medium: Yeast-lactate-phosphate liquid. 
Temperature: 30°C. 
Forms : Short rods. 
Arrangement : Single, pairs, short chains. 
Size : 0.7 x 1.0,u. 
Non-motile. 
Staining: Gram positive. 
Metachromatic granules. 
THE PROPIONIC ACID BACTERIA 
Growth: Liquid medium, : Slight turbidity, heavy ropy sediment. 
Agar slants: Grayish, slightly granular. 
Aerobic: Good growth, involution forms marked. 
37°0. : Good growth. 
Acid media : Cells branched, crooked, swollen. 
Pigment formation: Slight yellowish (Mulliken: OY, tint 2). 
Litmus milk: Slight decolorization of indicator, and coagulation. 
Potato : Good growth. 
Biochemical Characters: 
Catalase positive. 
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Nitrates reduced to nitrites (culture No. 13 shows a strong reduc-
tion to nitrite) . 
Indol negative. 
Acetyl-methyl-carbinol not produced from glucose. 
Gelatin liquefaction: None. 
Fermentation Reactions: 
J 
Acid from arabitol, glucose, mannose, levulose, galactose, sucrose, malt-
ose, lactose, melibiose, trehalose, raffinose, melezitose, xylose, arabi-
nose, rhamnose, salicin, esculin, amygdalin, glycerol, mannitol, 
adonitol, inositol, sorbitol and trythritol. No acid from dextrin, 
glycogen, inulin, dulcitol, perseitol or pectin. A very slight at-
tack of starch is manifest. 
Propionibacterium pentosaceum conforms to the generic diagnosis. 
In addition it exhibits a good aerobic and 37°0. development and coagu-
lates milk. It does not produce acetyl-methyl-carbinol from glucose. 'l'he 
hexoses, disaccharides, trisaccharides, polyalcohols (with the exception of 
dulcitol and perseitol), pentoses and glucosides are attacked. No reaction 
is shown with the polysaccharides, pectin and xylan. Occasionally a weak 
acid reaction is observed in starch. 
Propion'ibacterimn Thonii van Niel, 1928 
Synonyms : Bacterium acidi propionici var. rubrum Thoni and Allemann, 
1908. 
Cultures: 8, 10, 22, 23. 
Citltilral Characteristics: 
Morphology: Medium: Yeast-lactate-phosphate liquid. 
Temperature: 30°0. 
Form : Short rod. 
Arrangement: Short chains. 
Size: 1.0-1.5µ. 
Non-motile. 
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Staining: Gram positive. 
Metachromatic granules. 
Growth : Liquid medium: moderately turbid, abundant ropy sediment. 
Agar slants : Coarsely beaded. 
Aerobic: Good growth. 
37°0.: Moderate growth. 
Pigment formation: Dark red-orange (Mulliken: YO, normal to shade). 
Litmus milk: Slight decolorization, slight acid, coagulation. 
Potato : Good growth. 
Biochemical Characters: 
Catalase positive. 
Nitrates not reduced to nitrites. 
Indol negative. 
Acetyl-methyl-carbinol produced from glucose. 
Gelatin liquefaction: None. 
Ji'ermentation Reactions: 
Acid from glucose, arabitol, mannose, levulose, galactose, sucrose, malt-
ose, lactose, trehalose, salicin, inositol ( slight) , esculin, glycerol, 
adonitol, sorbitol and erythritol. No acid from raffinose, melezitose, 
dextrin, glycogen, inulin, starch, xylose, arabinose, rhamnose, 
amygdalin, dulcitol, mannitol, perseitol, pectin or melibiose. 
Prop·ionibacteri1lm 1'honii conforms to the generic diagnosis. In addi-
tion it exhibits a good aerobic and 37°0. development, produces an abun-
dant reddish-orange pigment, coagulates milk, and produces acetyl-methyl-
carbinol from glucose. Nitrates are not reduced to nitrites. The hexoses, 
disaccharides, salicin, esculin, glycerol, adonitol, sorbitol and erythritol are 
attacked. No reaction is shown with the trisaccharides, polysaccharides, 
pentoses, pectin and xylan. 
J>ropionibacteri·nm techriicnrn van Niel, J 028 
Synonyms: None. 
C1iltiires: 14, 15 and 17. 
Cultural Characteristics : 
Morphology: Medium: Yeast-lactate-phosphate liquid. 
Temperature: 30°0. 
Form : Short rods. 
Arrangement: Pairs. 
Size: 0.5 x 0.6/.L. 
Non-motile. 
Staining: Gram positive. 
Metacbromatic granules. 
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Growth: Liquid medium: moderate turbidity, sediment extremely floc-
culent. 
Agar slants: · No growth. 
Aerobic: No growth. 
37°C.: No growth. 
Pigment formation: Creamy yellow (Mulliken: YO tint 1 to normal ) . 
Litmus milk : Slight decolorization, slight acid and coagulation. 
Potato : Moderate growth. 
Biochemical Clwracte1·s: 
Catalase positive. 
Nitrates not reduced to nitrites. 
Indol negative. 
Acetyl-methyl-carbinol not produced from glucose. 
Gelatin liquefaction: None. 
Fermentation Reactions: 
Acid from adonitol, glucos<Varabitol, mannose, levulose, galactose, suc-
rose, amygdalin, maltose, lactose, raffinose, dextrin, glycogen, ery-
thritol, starch, arabinose, salicin, esculin, glycerol, mannitol and 
inositol. No acid from trehalose, melezitose, inulin, xylose, rham-
nose, dulcitol, adonitol, sorbitol, perseitol, pectin. 
Propionibacterimn technic1tm conforms to the generic diagnosis. In 
addition it exhibits a creamy yellow pigment. It does not reduce nitrates 
to nitrites or produce acetyl-methyl-carbinol from glucose; it does not coag-
ulate milk. The hexoses, disaccharides (with the exception of trehalose), 
raffinose, the polysaccharides (with the exception of inulin), the glucosides 
and glycerol are attacked. No reaction is shown with xylose, rhamnose, pec-
tin and xylan. 
Pro1)ionibactcrium rubnrm van Niel, l!J28 
Synon1;ms: Bacteriwn aridi propionici var. rubrmn 1'ltiini and Allemann, 
mos. 
Culture: 9, 16 and 19. 
Cultural Characteristics: 
Morphology: Medium: yeast-lactak-phosphate liquid. 
Temperature: 30°C. 
Form : Short rods. 
Arrangement: Single, pairs. 
Size: 0.8 x l .2JL. 
Non-motile. 
Staining : Gram positive. 
Metachromatic granules. 
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Growth: Liq nid medium: very slight turbidity, sediment finely fioc-
culent. 
Agar slants : Very slightly beaded. 
Aerobic: Good growth. 
37°C.: No growth (9); moderate growth (19). 
Pigment formation: Abundant reddish orange (Mulliken: O shade 1 
to normal tone). 
I..Jitmus milk: Slight decolorization, acid and slow coagulation. 
Potato : Moderate Growth. 
Biochemical Characte1'S: 
Catalase positive. 
Nitrates not reduced to nitrites. 
Indol negative. 
Acetyl-methyl-carbinol not produced from glucose. 
Gelatin liquefaction: None. 
Pennentation Rea.ctions : 
Acid from glucose, mannose, arabitol, levulose, galactose, sucrose, malt-
ose, lactose, trehalose, raffinose, melezitose, amygdalin, glycerol, 
mannitol, adonitol, esculin, salicin, sorbitol and erythritol. No 
acid from dextrin, glycogen, inulin, starch, xylose, arabinose, 
rhamnose, dulcitol, perseitol, pectin, melibiose or inositol. 
Propioniba.cterium rubrum conforms to the generic diagnosis. In ad-
dition it exhibits a good growth under aerobic conditions, and produces an 
abundant reddish-orange pigment. It does not reduce nitrates to nitrites 
or produce acetyl-methyl-carbinol from glucose ; it coagulates milk very 
slowly. The hexoses, disaccharides and trisaccharides, amygdalin (slight) 
and polyalcohols with the exception of dulcitol, sorbitol and perseitol, are 
attacked. No reaction is shown with the polysacchari<l('S, pent oses, pectin, 
melibiose or xylan. 
Propionibacterium raffinosaceum sp. nov. 
Synonyms: PropionibactM·inm J ensenii var. raffinosaceum, Yan Niel, 1928. 
Bactcrinm aridi vropionici b, von Freudrnreich and Orla-Jensen (in 
part) , HlOG. 
Cultures: 7 and 18 (considered as variety of P. Jensenii by van Niel). 
C1tltural Characteristics: 
Morphology: Medium : yeast-lactate-phosphate liquid. 
Temperature: 30°C. 
Form : Short rods. 
Arrangement: Single, short chains. 
Size: 0.7 x 1.0-1.3µ.. 
Non-motile. 
Staining: Gram positive. 
Metachromatic granules. 
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Crowth: Liquid medium: only slightly turbid, sediment flaky. 
Agar slants: Moderately granular. 
Aerobic: Good growth. 
37°0. : No growth. 
Pigment formation: Yellow (Mulliken: orange-yellow, tint 1). 
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Litmus milk: Complete decolorization of indicator, slight acid reac-
tion, coagulation. 
Potato: Good growth. 
Riochemical Chamcters: 
Catalase positive. 
Nitrates not reduced to nitrites. 
Indol negative. 
Acetyl-methyl-carbinol not produced from glucose. 
Gelatin liquefaction: None. 
Pennentation Reactions: 
Acid from glucose, arabitol,.mannose, levulose, galactose, sucrose, malt-
ose, lactose, trehalose, raffinose, melezitose, salicin, esculin, gly-
cerol, mannitol, adonitol, inositol, erythritol, amygdalin. No action 
from dextrin, glycogen, inulin, starch, xylose, arabinose, rham-
nose, dulcitol, perseitol, pectin, melibiose or sorbitol. 
Propionibacteriwrn raffinosaceum conforms to the generic diagnosis. 
Jn addition it exhibits a good growth under aerobic conditions, produces a 
yellowish pigment, and coagulates milk. It does not reduce nitrates to 
nitrites or produce acetyl-methyl-carbinol from glucose. The hexoses, di-
saccharides and trisaccharides, salicin, esculin, and the polyalcohols, with 
the exception of dulcitol and perseitol, are attacked. No reaction is shown 
with the polysaccharides, pentoses, pectin or xylan. 
SUMMARY 
The classification and nomenclature of the propionic acid-producing 
bacteria are discussed, based on a careful cultural study of 32 cultures. 
The name Prnpionibacterium Orla-J ensen, 1909, is valid for the genus. 
Nine species in the genus Propionibacte?·iilm are recognized and a key 
has been prepared based on physiological differences. One new species, 
P. raffinosace?tm, is described. 
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INTRODUCTION 
The literature on alkylated glucoses is more extensive than that of any 
other sugar due to the more common occurrence of glucose, either alone or 
combined with other sugars. This has resulted in closer agreement among 
the workers with regard to the structure of the methylated sugars. The 
original papers should be consulted with regard to these structural argu-
ments. 
MONO-ALKYL GLUCOSES 
A monomethyl methyl glucoside has been reported ( 4 7) among the 
products of methylated glycogen. Hydrolyzed methylated tetra-amylose 
( 89) yields 7 per cent of monomethyl glucose. An uncrystallizable syrup, 
a monomethyl glucose, which reduces Fehling 's but does not yield an osa-
zone, is secured from glucosan (16, 20). An amorphous monomethyl glucose 
is mentioned (15, 73). In the hydrolysis of incompletely methylated cellu-
lose, an amorphous monomethyl glucose or mixture of monomethyl glucoses 
was isolated. An osazone was prepared (7, 18). Completely methylated 
cellulose is stated to not give a monomethylated glucose (36). 
The following steps have been carried out, but the structures have not 
been elaborated (21, 43) :- Anhydro-methyl glucoside mono-oleate ~mono­
methyl anhydromethyl glucoside mono-oleate ~ monomethyl anhydro-
methyl glucoside ~ monomethyl methyl glucoside ~ methyl glitcose. A 
inonoacetyl, tribenzoyl rnonomethyl gl1wose is mentioned (90), and also an 
ethyl aminoglucose ( 5). Monomethyl glucoses are mentioned but not spe-
cifically described in 27, 31, 66 and 78. 
2-M ethyl Glucose 
This sugar (50) has been obtained from the following sources: 
(a )- Monomethyl di cellulose ( 92). 
(b )-3,4,6-Triacetyl 2-methyl methyl glucoside (79, 85, 92). 
(c)-2-Methyl-glucose diethyl mercaptal (96, 99, 100, 104, 105). 
( d)-An alcoholic solution of glucosan and sodium (13, 14, 16, 20 
and 96). 
lt is a colorless syrup (13, 14, 92), amorphous (79, 85, 95), with a melting 
point of 158° ( 96, 105). It is soluble in water, less so in alcohol and acetone, 
and only slightly soluble in ethyl acetate even when boiling ( 96). The 
rotation was found to be [a]o20 + 59.2° ~ + 64.9° (water) (96) and 
[a] 0 23 + 21.1° (water)~+ 62.1° (105). It does not react with fuchsin 
[33] 
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and sulphuric acid (96). Various modifications are said to exist (79, 96). 
Although no osazone is possible (13, 14, 16, 20, 92 and 95), a readily crys-
tallizable phenylhydrazone may be secured ( 104). This has a melting point 
of 177° (96, 99, 100, 105); 175-6° (79, 92); 178° (85); consists of needles 
rlifficulty soluble in water and ether, and somewhat soluble in alcohol. The 
rotation in the last solvent named is -12.3° at 17° ( 85). It exhibits a 
rotation of - 9° in pyridine ( 105). . 
A methyl hexosazone was reported as being formed by 2-methyl glu-
cose by Pacsu (55) and because of this he stated it to be 4-methyl glucose. 
Later workers ( 104, 105) could not verify this, but obtained an osazone 
identical with glucosazone. On oxidation with nitric acid, 2-methyl glucose 
gives methyl saccharic acid isolated as the Ca salt. 
The following derivatives have been described: 
(a)-2-Methyl-3, 4, 5, 6-tetrabenzoyl glucose ethyl mercaptal (96). 
This consists of large, glittering prisms, melting point 88-89°, easily 
soluble in chloroform, acetone, ethyl acetate, hot methyl and ethyl alcohols, 
and difficultly soluble in ligroin. 
(b )-2-Methyl glitcose diethyl mercaptal (96, 99, 100) . 
Melting point 178°. Difficulty soluble in most solvents, easily in warm 
water and alcohol. 
(c)-3, 4, 6-Triacetyl, 2-methyl methyl glucoside (79, 85, 92). 
Said to be small needles, showing a melting point of 74-75°; 95-96° 
(79); 121° (uncorr.) (92); and easily soluble in benzene, acetone, ether, 
alcohol, carbon tetrachloride, less soluble in chloroform, and difficultly sol-
uble in water and ligroin. Doesn't reduce Fehling 's, and exhibits no muta-
rotation (85). Rotation is+ 5.0° (alcohol ) (79); + 5.88° (alcohol) (85 ), 
and+ 6.28° (alcohol) (85). 
(d)-2-Methyl methyl gliicoside (85). 
This sugar does not reduce Fehling 's as would be expected, and crys-
tallizes with one-half mol of water, [a]n17 - 23.9°. The melting point is 
95-97°. 
( e )-A diacetonc (lei·ivative is mentioned ( 105). 
(f)-2-Methyl-1, 1-dibenzylmercaptoglncose (105). 
'fhis compound has a melting point of 157-158°. The rotation at 25°C. 
is + 25.2° in pyridine. 
3-Methyl Glitcose 
'l'his sugar is mentioned but not described in 17, 27, 35, 40, 49, 50, 58, 
63, 66, 81, 86, 91, 101, 102 and 105. Its reducing power has been calculated 
and charted (71). The alpha-modification may be obtained from the par-
ent substances given: 
(a)- 3-Methyl-1, 2, 5, 6-diacetone alpha-glucose (3, 9, 26, 28, 32, 33, 
45, 46, 48, 59, 62 and 84). 
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(b )-1\fonoacetone benzylidene glucose ( 38). 
( c )-Hexamethyl amylobiose ( 69). 
(d)-3-Methyl glucal (98, 101, 103). 
( e )-3-Methyl alpha-methyl glucoside ( 69). 
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The methylated sugar is a definitely crystalline compound, digested by 
only a small number of micro-organisms (9, 57, 97). The physical con-
stants are: 
M. P. Hotation Solvent Heferencc 
157-8° I 08.6° -7 + 68.0° (final) methl ale. 3 T 
157-8° 96.7° -7 55.5° " water 3, 95 
160.5° 107.6° -7 68.5° " methyl ale. 9 
158° 57.0° " water 28 
103.0° -7 57.0° " water 38 
104.3° -7 55.3° " water 84 
160-2° 95.0° -7 52.5° )) water 98 
3-Methyl alpha-glucose crystal&es as short plates (3), readily soluble in 
water, less so in methyl alcohol and very sparingly in organic solvents in-
cluding acetone (3, 9). It reduces Fehling's solution on warming (3). De-
rivatives are : 
(a)-3-Methyl tetraacetyl gfocose (98, 102). 
Prepared by treating 3-methyl glucose with acetic anhydride in pyri-
dine. It is a colorless syrup. 
(b)-Broino-3-methyl triacetyl glilcose (98). 
A colorless syrup, not crystallizable. 
(c) - 3-Methyl diacetyl gliical (98, 106). 
A colorless syrup, b. p. 125° at 0.2 mm., showing a rotation of - 33° 
in chloroform at 20°. 
(d)-3-Methyl glilcal (98, 101, 103) . 
Long needles, m.p. 62-63°; [a]n20 +14° (chloroform). When this com-
pound is treated with benzoic peracid, 3-methyl glucose is formed. 
(e) - Calciurn 3-methyl glilconcite (97). 
This calcium salt is not digested by a selected group of organisms. 
(f )-3-Methyl-1, 2, 5, 6-diacetone alpha-glucose. 
Prepared from 1, 2, 5, 6-diacetone glucose (3, 9, 26, 28, 32, 45, 48, 59, 
76, 80, 84). It is fermentable by B. proteits and B. mucosus-capsulatus ( 97). 
The boiling point is variously stated to be 105-106° at 0.3 mm.; 139-140° 
at 12 mm.; and 167° at 23 mm. Hefractive index of the compound is 
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1.4515 (9); 1.4518 (84). It is readily soluble in organic solvents, but spar-
ingly so in water. No action on Fehling's is shown. The rotation is said to 
be - 32.2° (ale.) (3); and - 31.4° (84). 
(g)-3-ll:I.ethyl monoacetone glucose (76). 
Prepared from (f). B.p. is 173-175° at 1 mm. Characterized by a 
dibenzoate, m.p. 81°. 
(h)-Monomethyl saccharolactone. 
On reduction, a d-3-methyl glucuronic acid is formed. 'l'his indicates 
that the methoxyl group in monomethyl glucose is attached to carbon three. 
(i)-Monomethyl gluconolactone (9, 26, 48 ) . 
A syrup which decomposes easily. 
(j )-1, 4-Anhydro-3-methyl saccharic acid (28, 38, 47). 
The melting point is 206-207° (28, 47); with a rotation of + 15°. 
(k)-3-Monomethyl gli1cose anilicle (9). 
Needles, m.p. of 154-155°, soluble in alcohol, sparingly so in water, in-
soluble in ether and hydrocarbons. The rotation is -108.5° (methyl ale.) 
-7 - 50.3° (final, when trace of HCl is added). 
(1)-3-Methyl alpha-methyl glucoside (11, 83). 
This glucose does not condense with acetone (9). 
( m )-Ben:zal-3-methyl- [methyl gfocoside] (77). 
This consists of a mixture, m.p. 133°, showing a rotation in acetylene 
tetrachloride of + 49.1°. The beta-form has a melting point of 164°, with 
a. rotation of - 39.1° in the same solvent. 
(n) - 3-Methyl phenyl glucosazone. 
This is identical with the osazone obtained from monomethyl fructose 
derived from: diacetone fructose (3, 9, 26, 32, 59, 74, 84). This osazone 
does not condense with benzaldehyde ( 9), and exhibits in alcohol the rota-
tion (23) of-75.3° (initial) -7 -38.6° (final) (3, 41, 95), and in pyri-
dine [a]Hg (yellow) =-173° (± 4°) (33). The earlier declared melting 
point of 164-166° (3, 41, 95) has been shown to be incorrect (33, 84), and 
should be 178-179°. 
3-Methyl alpha-glucose, when completely methylated forms the nor-
mal tetra methyl glucose ( + 83°) ( 62). It also gives rise to a cl-rotatory 
hcptonic lactone ( 45). 
The beta-isomer, 3-monomethyl beta-gl1wose, may also be prepared 
from diacetone glucose ( 32). It is declared to show suspended rotation in 
methyl alcohol, and in water, with sodium light, is found + 31.9° -7 
+ 55.1° (final) (3, 95). The sugar consists of prismatic, clear needles, soft 
and friable, with a melting point of 130-2°. 
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4-Methyl Glucose 
'£his sugar is stated (66) to have a melting point of 156-157° (50, 
95) and a rotation in water of + 18.52° ~ + 61.9° ( 95). The osazone 
has a melting point of 198°, and a rotation of - 50.3° ~ - 34.84° in a 
solution of pyridine and water (95). This monomethyl glucose should 
give a 1-rotatory lactone ( 45), and the preparation of 4-methyl glucohep-
tonic lactone shows that lactones may form 4-methyl sugar acids. 2-Methyl 
glucose has been mistaken for 4-methyl glucose (see 55, 104, 105). 
:i-Methyl Gliwose 
The possibility that the monomethyl glucose from tribenzoyl alpha-
methyl glucose might be this sugar is suggested ( 41). The 5-methyl mono-
acetone gliicose is said ( 95) to consist of long needles, with a melting point 
of 71-72° and a rotation of - 6.42° in chloroform at 20°. The sugar itself 
is needle-like, m.p. 143-144°, [a]o + 101.2° ~ + 59.9° (water) and 
soluble in water, methyl and ethyl alcohols, insoluble in ethyl acetate, ben-
zene and petrolic ether. Febling's solution is reduced on warming. An 
osazone of melting point 185° and rotation -101.9° ~ - 86.6° (in pyri-
dine) is reported (95). 
G"Ilfethyl Glncose 
Articles which mention but do not characterize this monomethyl sugar 
are 9, 28, 40, 50, 65 and 72. Monomethyl trihexosan (dextrin) (65, 93) 
and 6-methyl alpha-methyl glitcoside ( 41, 61, 102) (prepared in turn from 
methyl tribenzoyl alpha methyl glucoside) give rise to 6-methyl glucose on 
hydrolysis. This compound is described as a colorless syrup (94, 102), 
soluble in all organic reagents, boiling at 105° at 0.1 mm., and rotating 
+ 15.3° in chloroform at 20° (94) and together with the beta-form in 
water as follows: + 80.1° ( init.) ~ + 66.3 (final) ( 41, 95). The 6-methyl 
alpha-methyl glucoside does not reduce Fehling 's ( 41) and boils at 195-200° 
at 1 mm. ( 41, 102). The distillate has a specific rotation of + 127 .9° in 
, .... ater. 
An osazone (54, 92) is readily obtainable, yellow needles melting at 
J76.9° (93); 177° (41, 95); 178° (94); 178-179° (65). All these melt-
ing points are declared to be too low ( 102), and the corrected one is stated 
to be 184-187°. The specific rotation in alcohol at various temperatures is 
recorded as -68.5° ~ -48.5° (36 hours) (65); -70.3° ~ -46.9° 
(41); -69.6° ~ -46.4° (94); and -70.3° ~ -46.9° (95). 
Diacetone d-glucose dibenzyl mercaptal forms a 6-mono-methyl d-glit-
cose dibenzyl mercaptal ( 49). A 2, 3, 4-triacetyl-6 methyl beta-methyl d-
glucoside. colorless crystals, m.p. 107-108°, and showing the solubilities of 
the simple acetyl sugars, is reported (87. 102). Its rotation at 18° is 
--12.4°. Emulsin fails to split 6-methyl {3-methyl d-gl1lcoside, a sugar 
soluble in water, m.p. 133-135°, and rotating - 27° in water at 23° (87); 
-26.4° (102). 
The 6-methyl-2, 3, 4-tribenzoyl {3-rnethyl d-glucoside shows a melting 
point of 116.7° (corr.) with rotations of -118.4° (pyridine) and - 54° 
in chloroform (102). A number of tetraacetyl derivatives are reported 
(102) . There is a tetraacetyl-6-methyl-alpha-d-glucose of m.p. 119-120° 
and exhibiting a rotation of + 111.8°; and the corresponding beta deriva-
tive of m.p. 91-93° with a rotation of -20.9° at 22°. The latter may give· 
rise to a 2, 3. 4-tri'.acetyl 6-methyl glucosyl brom1:de. 
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DI-ALKYL GLUCOSES 
Completely methylated cellulose should not give dimethyl glucose 
( 42, 75), but a dimethyl methyl glucoside and, in turn, by the hydrolysis 
of the glycoside group, a dimethyl glucose has been reported (7, 18, 44, 
75, 82) as being obtained from a methylated cellulose with as high a 
methoxyl content as 43.1 per cent ( 44). There is probably some trimethyl 
glucose mixed with the dialkylated glucose ( 44, 82). The mixture is a 
golden yellow syrup of n0 = 1.4632 ( 82), giving an amorphous dimethyl 
glucose, and forming an osazone (7). An amorphous compound is men-
tioned in several (15, 30) other papers. Likewise, incompletely methylated 
starch gives some dimethyl glucoside (78). 
Dimethyl glucoses are mentioned in 1, 2, 7, 9, 15, 23, 24, 30, 31, 35, 36, 
37, 66, 73 and 77; a dimethyl glucoside in 23, 24; and a diethyl glucose in 
15 and 73. A dimethyl glucose, structure not given, was found to be com-
pletely stable to fuming HCL Monomethyl anhydro-m:ethyl glucoside (43) 
forms a dimethyl anhydro-methyl glucoside. The possibility of the exist-
ence of 3, 4-dimethyl glucose is upheld by Irvine (24, 25) and co-workers. 
Polymerized glucosan is said to give an unidentified dimethyl methyl gluco-
side and dimethyl glucose (52). Other compounds found reported in the 
literature are a dimethyl ,;monoacetyl glucose ( 51), and the hexa-acetate of 
the . dimethyl glitcoside of bis-[glucosyl-6] sulf one ( 56). 
,'J, 3-Dimethyl a-Glucose 
This interesting carbohydrate derivative may be directly obtained from 
the methylated galactosido-glucose of Fischer (70) or from the glucoside 
( 4, 6, 8, 10, 22, 24, 25, 39, 64, 83, 88, 89). Mention of the sugar is made in 
1, 60, 105. It is seen that entire agreement is lacking as to its physical 
properties: 
M. P. 
85.87° 
Syrup 
85-87° 
156-7° 
Syrup 
Rotation 
+ 81.93° 
81.93° ~ 48.3° 
65.30° ~ 64.4° 
57.20° ~ 58.1° 
50.00° ~ 49.1° 
43.7° 
22.5° 
64.4° 
93.10° ~ 62.4° 
110.00° ~ 64.7° 
50.3° 
83.85° ~ 85.07° 
57.8° 
Solvent References 
Water 3 
" 4 
" 6 
Methyl ale. 6 
Ethyl ale. 6 
One equiv. NaOH 29,67 
Neut. sol'n 29,67 
Water 47 
" 60 
Methyl ale. 60 
Acetone 64 
Water 83 
Acetone 89 
The sugar is stable toward potassium permanganate, readily soluble in wa-
ter, lower alcohols and acetone, sparingly in ethyl acetate, insoluble in 
.ether and hydrocarbons. The reducing power has been calculated (71). 
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Derivatives are: 
(a)-2, 3-Dimethyl glnconic acid lactone (53, 67). 
(b )-Crystalline tetramethyl glucose (24, 25, 60). 
(c)-2, 3-Dimethyl saccharic acid (47). 
Rotation=+ 55.4° (water); + 80.15° (acetone). 
(d)-2, 3-Dimethyl glnconic acid and Na salt (53, 67, 68). 
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The acid forms lactones with five and six-membered rings. A brown 
syrup is secured when 2, 3-dimethyl glucose is heated with concentrated 
nitric acid at 80° ( 83). 
( e )-Dimethoxygfocosephenylhydrazone ( 4, 47, 60, 62, 89). 
This is a p ale yellow syrup. No osazone is formed. 
(f)-2, 3-Dimethyl-5, 6-l-benzylidene a-methyl d-glucoside ( 4, 53, 60, 
67, 77). 
The melting point is 117-11~0 (60); 122-123° (4, 53, 67, 77); the rota-
tion is+ 87.0!3° (acetone) (4). It crystallizes in the form of prisms, spar-
ing1y soluble in water but r eadily so in organic solvents. 
(g)-Beta derivative of (f) (77). 
The melting point is 134°, and the sugar exhibits a rotation of - 61° 
in alcohol at 23°C. 
(h)-2, 3-Dimethyl alpha-methyl glucoside (23, 24). 
Can be obtained from (f) (4); glucogen (47); glucose (8, 10, 60, 89); 
incompletely methylated starch (22, 24, 25, 39, 64, 83, 88) and from 2, 3-
dimethyl methyl glucoside 5, 6-monoacetone ( 6, 26). It does not condense 
with acetone ( 60) and has a refractive index of 1.4 738 ( 89). Other con-
stants are: m.p. 80-82°; + 142.6° (water) (4), + 143.08° (a.le.) (4, 19), 
and+ 143.49° (acetone) (4, 47). 
(i)-2, 3-dimethyl methyl gliicoside 5, 6-monoacetone (26). 
[a)o25 =-3.76° (methyl alcohol) (80). 
2, 3-Dimethyl {3-Glucose 
Mentioned only in 1, 3 and 60. Acetone solutions of the compound are 
stable (12). The melting point is 108-110° (4, 47) and the mutarotation is 
upward. The specific rotation is given ( 4) as: 
+ 10.6° ~ 64.4° (water-final) 
+ 5.68° ~ 49.41° (alcohol-final) 
+ 6.52° ~ 50.9° (acetone-final) 
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TRI-ALKYLATED GLUCOSES 
A large number of references to trimethyl glucoses may be found in the 
literature without any definite mention as to the position of the alkyl 
groups. These are recorded here for the purpose of giving those interested 
a complete list of references. 
When diethyl mercapto-glucose is methylated ( 153) a trimethyl deriva-
tive is obtained. Cellotriose can be hydrolyzed (252) with the formation 
of a tri-(trimethyl [1, 5-anhy<jro-glucose]). Glucose, on treatment with 
dimethyl sulfate, gives rise to a trimethyl methyl glucoside, the melting 
point of which is said to be 64° (140 ) . A trimethyl glucose is secured (96) 
from the partial hydrolysis of trimethyl methyl glucoside mono-oleate. An 
unknown trim ethyl gamma-sugar is secured ( 12), together with 2, 3, 6-tri-
methyl glucose, from the galactosido-glucose of Fischer and Armstrong. 
Interesting derivatives are obtained when beta-glucochloralose is 
methylated (229). A trimethyl beta-glucochloralose, of melting point 109°-
1100 is secured. This gives a Zerewitinoff test and forms a monoacetyl de-
rivative. On removal of one chlorine group, trimethyl-rnonodechloro-beta-
glucochloralose (trimethyl glucose dichloro-acetaldehyde) with a melting 
point of 68° is secured. When two chlorine groups are taken off, a bide-
chloralose compound is secured which is a syrup, of b.p. 155°-160° at 4 mm. 
A trimethyl saccharolactone is mentioned (148). 
2, 4, 6-Trimethyl Glucose 
This sugar is mentioned in 107, 152 and 169. The methyl groups pre-
sent in the trimethyl glucose secured from heptamethyl sucrose was early 
tentatively ( 140) assigned to the 2, 4 and 6 carbon atoms, but was later 
shown to be 2, 3 and 6. The 2, 4, 6-trimethyl glucose is reported (211) 
as having a melting point of 124°. 
3, 4, 6-Trimethyl Glucose 
Leibowitz (152) mentions this compound. Although little is said 
about the sugar itself, considerable work has been reported on its deriva-
tives: 
(a) 3, 4, 6-Trimethyl glucal (271, 285). 
This is a colorless mobile oil, b.p. 45° /.03 mm., with a refractive index 
of 1.4558 and a rotation of [a]n18 = + 19.6° (water). The unsaturated 
[43) 
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properties of glucal are retained as well as the double bond between the 
first and second carbon items. It is unstable in hot, alkaline solutions, giv-
ing dark-colored decomposition products. In addition to normal trimethyl 
glucal, some trimethyl pseudo-glucal appears to be present. The glucal 
gives trimethyl glucose on treatment with perbenzoic acid which, on methyl-
ation, forms the 2, 3, 4, 6-tetramethyl glucopyranose. 
On treatment with aqueous mineral acid there is secured: 
(b) Trimethyl-2-deoxyglucose (271, 285) . 
Also called 3, 4, 6-trimethyl-d-glucodesose. It is a pale yellow syrup, 
b.p. 102-105° at 0.01 mm., n0 18 = 1.4622. In crystalline form it melts at 
59-60° (285); 58-61° (271), and the initial rotation at 18° is + 61° (5. 
mins.) ~ + 35° (3 hrs.) (285); + 59.5° (water)~+ 33.1° (equil.) 
(271). 
(c) Barinm 3, 4, 6-trirnethyl d-gl1wodesonate (271). 
[a]n25 = + 18.1° (water). 
(d) Trimethyl 2-deoxygluconolactone <1, 5> (271, 285). 
Colorless oil, b.p. 120° j.04 mm.; n0 17 = 1.4606. The rotation at 25°· 
in chloroform is 87.5° and in benzene is 88.2°. 
( e) Ti-irnethyl d-rnethyl glucodesoside (271). 
The boiling point at 0.35 mm. is 86-90°. It is prepared from methyl-
2-desoxy glucoside. 
(f) Trimethyl d-glucodesonic lactone <1, 4> (271). 
Prepared from glucodesonic lactone. It has a melting point of 62°· 
(uncorr.) and a rotation of 21.5° in benzene at 25°. 
(g) Trimethyl-2-deoxy gluconic acid phenylhydrazide. 
Colorless silky needles (285), m.p. 25°. 
(11) Trimethyl gluconic acid phenylhyclrazide (236 ) . 
Melting point is 125°. 
3, 4, 5-Trirnethyl Glucose 
The 3, 4, 5-trimethyl methyl glucoside is reported (138) to give, when 
treated with concentrated nitric acid ( d-arabotrimethoxyglutaric acid, iden-
tified as amide, and methyl dl-dimethoxysuccinate, m.p. 67-68°, identified as. 
the amide, having a melting point of 245-246° (decomp'n). 
3, 5, 6-Trimethyl Glucose 
This sugar is casually mentioned without any description of its physi-
cal and chemical properties being given in 29, 52, 55, 107, 108, 138-140, 152,. 
228 and 287. Its reducing power has been determined ( 166, 287). The 
mother compound of this sugar is 3, 5, 6-trimethyl-1, 2-monoacetone glu-
cose <1, 4>, which is prepared by methylation of 1, 2-monoacetone glucose-
(1, 2, 15, 24, 25, 50, 64, 102, 116, 160, 187, 249) . 
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The 3, 5, 6-trimethyl-1, 2-monoacetone glucose is so important that it 
is necessary to record its characteristics in the following table: 
B.P. Pressure Rotation Solvent Reference 
138-9° 12 mm. 15 
88-90° 0.03 - 28.5° Water 50 
110° 0.30 116 
115-8° 0.60 154 
110-5° 0.20 -27.2° Methyl ale. 160 
-29.5° " " 228 
96° 0.05 - 27.2° " " 249 
The compound is a syrup which is stated by one worker to reduce Fehling 's 
in the cold ( 187), while another ( 154) claims that it doesn't have that 
property. A refractive index is recorded of 1.4491 (116) and 1.4470 (228). 
The trimethyl glucose is obtained from the methylated monacetone 
glucose by removal of the acetone residue (1, 15, 25, 50, 64, 116, 154, 160, 
187, 228 and 249). The following constants are r ecorded in the literature 
for this important furanose sugar: 
B. P. Pressure -'Rotation Solvent Reference 
-37° 1,154 
- 8° to -11° Water 1 
- 8.32° " 15 
- 6.2° --? - 8.3° " 15 
147° 0.05 mm. - 10.95° --? - 14.6° " 50 ] 53° 0.15 - 37.3° Alcohol 64 
- 80--7-110 Water 155,187 
-31.1° Alcohol 160 
- 12.4° --? - 10° " 187 
1 :J() D 0.04 
- 44.1° " 228 
.,.--- 25.9° Water 228 
+ 2.6° " 249 
It is a colorless liquid ( 15, 50, 64, 228), reducing neutral permanganate 
rapidly (64), with a refractive index of 1.4675 (228), and acting very 
much like a trimethyl glucosone on distillation (25). Although it is gen-
erally agreed that the substance is levo-rotatory ( 81, 102, 154), the diacetal 
is the opposite (154). When pure, the trimethyl glucose is said not to re-
duce Fehling 's solution in the cold. It condenses with orcinol-HCl t o form 
a deep-blue pigment (154, 155). 
Derivatives of this sugar are : 
(a) Trimethyl glu.con·ic acid (154, 155, 187). 
It rotates + 24° in on equivalent of NaOH and when this is neutral-
ized, the sign changes and the constant becomes - 6.35°. The sodinm saU 
has a rotation of + 31°. 
(b) Trimethyl phenylgliicosazone. 
Melting point is 70-72° (228); 163-164° (55 ) . 
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( c) Trimethyl gl1lconolactone ( 116). 
(d) 3, 5, 6-Trimethyl glucosone (25). 
A syrup, b.p. 153° /0.15 mm. It reacts with Fehling's. [a]n = - 37.3° 
(ale.); -15.7° (water); and -15.7° (N/4 boric acid). 
( e) 3, 5, 6-Trimethyl beta-gliicochloralose (229). 
This substance has already been discussed. 
(f) Ba salt of 3, 5, 6-trimethyl-2-phosphoric acid methyl gliicoside 
(2, 50). 
[a] 0 20 + 26.38°. Does not reduce Fehling's until after hydrolysis 
with acid. 
( g) Trimethyl methyl glucoside ( 50) . 
The mixture of alpha- and beta-glucosides is a colorless syrup, n0 16 = 
1.4440 (228); [a]n16 = - 20.4° (water) (228), although the rotation is 
stated to be + 21.4° by 187. This mixture can be fractionated into a lower 
fraction, the alpha, of b.p . 105-109° /0.4 mm., rotation + 93° ( 187) ; + 50° 
(water) (1, 154, 155); + 75° (methyl ale.) (2); and a higher fraction, the 
beta-glucoside, b.p. 145-150° at 0.2 mm., [a]n20 = - 87° (water) (187); 
-17° to--:- 50° (water) (1, 154, 155); - 47° (methyl ale.) (2). 
On methylation, the trimethyl glucoside forms the well-known 2, 3, 5, 6-
tetramethyl methyl glucoside. 
2, 3, 5-Trimethyl Glucose. 
Under this title will also be given the literature on 2, 3, 4-trimethyl 
· glucose, which is wrongly numbered. Papers which mention this compound 
without specific description are: 6, 20, 28, 34, 41, 56, 59-61, 65, 73, 75, 78, 
82, 86, 94, 98, 100, 107, 109, 119, 133, 138, 144, 147-149, 152, 158, 160, 163, 
17 4, 181-184, 196, 224. 
Many ways are available for preparing this trimethyl glucose. They 
are: 
(a) Methylated gentiobiose (105, 108, 201). 
(b) Methylated melibiose (127, 169, 176). 
(c) Hendecamethyl raffinose (74, 75, 169, 201). 
(d) Methylated amygdalin (57, 58, 74, 75, 85, 93, 108, 147 ) . 
( e) Methyl glucoside ( 1, 2, 35, 152, 155). 
(f) Trimethyl 1-glucosan (66, 105, 109, 123, 161, 244). 
(g) Polymerized glucosan (114). 
(h) Beta-glucosan (114). 
( i) Methylated gluco-mannan ( 273). 
The trimethyl glucose is a syrup (15, 108) distilling at 194° at 9 mm., sol-
uble in water and in organic solvents but not in ether ( 1). It is completely 
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stable to fuming HCl (80). Its reducing value is 9.8 if glucose is given a 
value of 100 (130) . It is said (91) to have no effect in relieving the symp-
toms caused by insulin in mice. In one equivalent of NaOH, the rotation 
is + 64.4° ( 116) and when the same solution is neutralized it is found to 
be + 19.3°. Other values given are + 79.2° (1); + 68.7° (114); and 
+ 67.8° (127), in every case methyl alcohol being the solvent. 
Derivatives of this important sugar are : 
(a) 2, 3, 5-Trimethyl saccharic acid lactone. 
Mentioned in 1, 58, 63, 108, 116, 244 and 273. Prepared by oxidation 
of the trimethyl glucose with concentrated nitric acid. When the gluco-
mannan from '' Konjak'' is hydrolyzed and oxidized this compound is se-
cured. The saccharic acid itself could not be isolated (1). 
(b) 1, 6-Diacetyl-2, 3, 5-trimethyl gliicose (109, 201). 
This forms a syrup which does not crystallize when oxidized with 
fuming nitric acid. 
( c) T1·imethyl-6-phosphoric acid methyl glncoside ( 50). 
A white hygroscopic powder, very soluble in alcohol and acetone, with 
[a]o + 77.07° in water. -' 
( d) Trimethyl acetyl glucose bromohydrin ( 109). 
( e) Trimethoxyaraboglutaric acid ( 152). 
Formed by the degradative oxidation of the trimethyl glucose witb 
nitric acid. 
(f) Trimethyl gliiconic acid (154) . 
[a]o + 64.4° (one equiv. NaOH)-;. + 38.6° (neut.). 
(g) Tr,imethyl gliicose dinitrate ( 123). 
Prepared by treating trimethyl 1-glucosan in chloroform with fuming 
nitric acid. Has no action on Fehling 's before or after hydrolysis. 
(h) Trimethyl methyl gliicoside 6-mononitrate. 
Prepared from ( g) . 
(i) Trimethyl methyl gliicoside iodohydrin (113, 123). 
Prepared from (h) or from acetodibromoglucose. 
(j) Ti·imethyl beta-methyl d-glucoside. 
Described in 35, 58, 59, 74, 75, 108, 114, 132, 135, 187, 213. It may be 
prepared from triphenyl methyl glucose (174), from (d), from methyla-
tion of methyl glucoside or, as usually done, from the parent sugar itself. 
It is a crystalline compound, melting at 92.5° (108); 92-93° (174); 93-94° 
(149, 169); 94° (59) . The rotation is recorded as -22.9° (54); -23.1° 
(methyl alcohol) (149); and-25.1° (water) (108). As a syrup it distils 
at 108° /0.07 mm. ( 50) or 109° /0.06 mm. ( 58). It is soluble in ether ( 1), 
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has a refractive index of 1.4579, and a density of 1,1477 at 20° (50). 'fhe 
glucoside was not digested by members of the colon-typhoid group, or organ-
ism isolated from the sludge of creamery wastes (132). Its reducing value 
is 9.4 where glucose is 100. 
(k) Trimethyl alpha-methyl d-glu,coside. 
From the parent sugar (123) or from (h). A viscid syrup (2, 19, 22), 
distilling at 130° /0.13 mm. with nn = 1.4583 and d420 = 1.158. 
2, 3, 6-Trimethyl Gliwose 
This trimetbyl glucose results as the scission product of many com-
pound sugars and, consequently, more has been written about this sugar 
than any of the others already discussed. This sugar is mentioned, but not 
specifically described in 6, 20, 28, 30, 32, 38, 39, 41, 46, 52, 56, 59, 60, 65, 66, 
68, 73, 94, 98, 103, 106, 107, 109, 111, 119, 128, 129, 136, 144, 152, 158, 160, 
163, 167, 181-184, 196, 223, 238, 263, 273. 
Its sources of preparation are : 
(a) Methylated hexa-amylose ( 114, 290). 
(b) Heptamethyl sucrose (36, 77, 108, 140, 219). 
( c) Methylated lichenin ( 100, 124). 
(d) Trimethyl starch (57, 60, 61, 82, 84, 86, 138, 149, 182, 211, 239, 
248, 290). 
(e) Hexamethyl biosan (143). 
(f) Decamethyl ft-methyl cellotrioside (284). 
(g) Octamethyl cellobiose (45, 47, 48, 49, 63, 82, 108, 143, 209, 233, 
280). 
(h) Octamethyl maltose (33, 35, 82, 108, 133, 138, 148, 176, 201, 202, 
209, 233). 
(i) Trimethyl glycogen (101, 182, 234). 
(j) Octamethyl lactose (30-32, 45, 59, 60, 63, 82, 89, 111, 127, 159, 
164, 167, 177, 209, 219, 233). 
(k) Trimethyl cellulose (29, 31, 38-40, 42, 44, 45, 53, 60-63, 66, 79, 83, 
92, 97, 100, 109, 112, 114, 136, 138, 143, 149, 159, 207, 210, 219, 220, 224, 
225, 239, 251, 283, 290). 
(1) Methylated galactosido-glucose (165). 
The 2, 3, 6-trimethyl glucose is said to exist (239) in two intercon-
vertible forms, the butylene and amylene. It is stable to fuming HCl and 
is sparingly soluble in dry ether. It is stable to potassium permanganate 
(31, 33), reduces copper solutions (33), form$ no osazone (18, 33, 108, 
l 40, 146), and does not undergo inversion of sign during condensation with 
methyl alcohol and HCl at room temperature (140). Tetramethyl glucose 
can be easily separated from the trimethyl glucose by extracting the former 
with boiling light petroleum ( 63). The x-ray picture of this compound has 
been studied (216, 231). 
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Other physical characteristics of this sugar are : 
.ThI. P. Rotation Solvent Rference 
110° + 101.12° ~ + 69.52° Acetone 18 
103.96° ~ 67.49° Water 18 
118-9° 108.00° ~ 67.00° " 31 
67.80° Methyl ale. 33 
69.30° ~ 71.00° Water 33 
116° 104.20° ~ 69.00° 48 
108.00° ~ 67.00° " 60,61 
117.70° ~ 88.60° Methyl ale. 63 
90.20° ~ 70.50° Water 63 
117.70° ~ 70.00° HCl-hr. 63 
94-104° 83 
116° 100 
107-110° 75.00° ~ 67.84° \Vater-5 days 101 
71.00° Water-final 108 
54.10° CHaOH-HCl 112 
86.30° 60 hrs. in bomb 112 
88.60° Methyl ale. 127 
lOfl-112° 90.60° ~ _10.11° Water 143 
113-4° 70.5° v-.r ater-final 148 
105° 150 
103.7° 70.2° 193 
100-3° 70.01° "\Yater-final 194 
69.20° " " 194 
114-5° 90.7° -...,) 70.20° " " 207 
117-8° 211 
118° 67° " " 234 
110-112° 241 
114-5° 279 
Two crystal forms have been isolated ( 63 )-fine needles, of melting point 
122-123° and short prisms melting at 92-93°. The boiling point of the sub-
stance as a syrup has been variously stated as 138-150° /0.04 mm. ( 89) ; 
170°/0.43 mm. (108); and 171° at 0.23 mm. The refractive index is 1.4743 
(63) and 1.4745 (89). The reducing value is 27.1 if glucose is assigned a 
yalue of 100. -when treated with phosphorus pentachloride, crystals melt-
ing at 160° are obtained (207). 
Derivatives are: 
(a) Trimethyl d-glucose dibenzyl mM·captal ( 103). 
(b) J.'rimethyl-1, 4-diacetyl beta-glucose <1, 5> (194, 214). 
Melting point 67-68°; [a]o19 =-8.7° (chloroform). 
( c) Trimethyl-1-chloro-4 acetyl a-glucose ( 194). 
Distils undecomposed at 143-146°/0.04 mm. [a] 0 26 =+143°. 
( d) [2, 3, 6-Trimethyl-4-acetyl glucosido <1, 5>] -trimethyl ammon-
ium chloride (194). 
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Rotation at 19° is - 3.6° (chloroform) . 
(e) [2, 3, 6-Trimethyl a-glucosido <1, 4> ]-friniethyl ammonium 
hydroxide (214) . 
Fine needles, melting at 187-188°, with a rotation at 21° o:E - 68.3° 
(water). Heating in a vacuum produces a brownish-yellow oil. 
(f) [Trirnethyl alpha-glucosido <1, 4> ]-trimethyl arnrnoniiim chlor-
ide (214). 
M.p. 165°. [a]n17 -68.4° (water) . 
(g) [2, 3, 6-T1·imethyl-5-benzoyl glucosido <1, 4> ]-trirnethyl ant-
rnoniwn chloride (214). 
Prepared by benzoylation in pyridine of (f). Consists o:E compact 
prisms, of melting point 102-104°. The substance is a molecular compound 
of one mol with one mol of pyridine-HCl. [a]n20 -47.1° (water); m.p. 
146-149°. 
(h) [2, 3, 6-Trirnethyl-5-acetyl-glncosido <J, 4> ]-irimethyl ammon-
inrn chloride (214). 
Is amorphous and does not form an anhydride. 
(i) Dimethyl saccharic acid and lead salt (63). 
(j) Trimethyl glncoheptonic acid (29, 31, 63). 
Forms a dimethyl gluco-heptonolactone. 
(k) 1-Dimethyl-amino-2, 3, 6-frimethyl glucose. 
Melts at 123° (140, 207), and distils at 109°/0.01 mm. The rotation 
is recorded as + 18.6° (water) ,+ 7.2° (methyl ale.) (207); + 89.7° ~ 
- 71.9° (water); + 110.0° ~ 69.7° (methyl ale.) (140) . 
(1 ) 1 (or 1-? )-Chloro-2, 3, 6-frimethyl glucose. 
(Described in 207, 210.) A colorless syrup, b.p. 140-150° /0.1 mm., 
easily soluble in petrolic ether, but with a limited solubility in water. It 
readily reduces Fehling 's solution and is decomposed by water. A crys-
talline pyridinium salt of rotation + 26.6° in water is formed. [a]n20 = 
+ 27.5° (in chloroform). 
(m) Quaterncwy arnnioniit.m iodide compound (207). 
Prepared from (k). Needles of - 41.2° (water) . 
(n) Quaternary ammonium chloride compound (207). 
Prepared from (k). Needles rotating - 9.4° in water at 16°. 
( o) 2, 3, 6-Trimethyl-5-benzoyl-beta-methyl glucoside ( 89, 214). 
Boiling point is 134-135° /0.08 mm., n 0 20 = 1.5020-1.5028. Rotations 
are given as [a]n18 -23.47° (50% ale.); [a]n20 -39.5° (methyl ale.). 
(p) 2, 3, 6-J'riniethyl-5-acetyl-[3-methyl glucoside. 
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Nn = 1.4470 (89). 
(q) 2, 3, 6-Trimethyl-5-benzoyl-1 chlorogliicose <1, 4>. 
(r) Trimethyl saccharomonolactone (33, 35, 108, 133). 
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This pale yellow syrup distils at 152-155° ( 35), and rotates + 40° in 
water after 4 hours. 
(s) Trimethyl gl1wonic acicl (137, 145, 155). 
(t) Trimethyl gamrna-lactone <1, 4> (137, 139, 145, 155). 
( u) 2, 3, 6-Trirnethyl a-methyl gliicosicle ( 150, 187, 207). 
This may be prepared either from the trimethyl glucose (29, 60, 61, 
fi2, 98, 100, 106, 112, 217, 280) ; from the octamethyl lactose ( 89) ; or from 
trimethyl glycogen (101, 182, 234). When combined with l-chloro-2, 3, 4, 6-
tetram,ethyl glucose, octamethyl cellobiose may be synthesized (259). The 
boiling point is 95-97°/0.02 mm. (211); 100°/0.03 mm. (234); and the re-
fractive index is 1.4550 at 24° (211). When combined with the beta-isomer. 
nn = 1.4583 (224); b.p. = 118-120° /1 mm. (143) and 147-150° /0.07 mm. 
(63), and the rotations vary as given: -30° (in methyl ale.); +62.04° 
(methyl ale.) (143); + 66.1° (224); + 66.5° (ale.) (63), and + 87.2° 
( 159). When treated with PC15 ('207) the glucoside forms a colorless syrup, 
b.p. 88-95° /0.1 mm., with a limited solubility in water and having the 
composition of a chlorohydrin. 
(v) 2, 3, 6-Tr-imethyl f3-methyl glucosicle (138). 
May be prepared from the trimethyl glucose itself (59, 60, 109, 260) 
or from tetramethyl glucose-1-chlorohydrin (260). It can be separated 
from galactosides, for example when methylated lactose is hydrolyzed, by 
benzoylating and fractionally distilling ( 89). The physical constants are : 
M.P. B.P. lfotation Oolvent Reference 
60.5° 81°/.04 mm. -17.0° Water 54 
145° /.6 mm. - 34.6° " 89,92 
145°/66 mm. 148 
57.5° - 29.3° Chloroform 149 
120°/l mm. -31.3° \\Tater 159 
-34.6° " 163 
108-10° 193 
62-4° - 15.5° 219 
57° 246 
38-9° 260 
The r efractive index is said to be 1.4548 at 20° (89, 92). 
( w) Trirnethyl-4-potassiiim f3-methyl gliicoside ( 164). 
(x) 2, 3, 6-Trimethyl glucose r eacts only imperfectly (63) with phenyl-
carbimide, while the hyclmzone, oxirne and the anilide are unstable syrups. 
(y ) Trimethyl glucose anhy clr icle <a 1, 5> <f3 1, 4>. 
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Described or mentioned in 194, 207, 210, 214, 216, 231, 238 and 281. 
'J'his is a colorless oil, stable toward Fehling's, permanganate and bromine 
( 194, 207), contains no hydroxyl group, and is changed by hydrolysis into 
trimethyl glucose. It produces a crystalline pyridonium compound. It is 
soluble in all solvents, water and petrolic ether. Distillation temperatures 
are 83-85°/0.1 mm. (207); 84°/0.1 mm., and 80-86°/1 mm. Optical rota-
tion constants are (207): -10.1° (no solvent); -14.6° (chloroform); 
and + 16.5° (water) (all at 16°0.). Nu15 =1.4656 (207). This anhydride 
is not identical (281) with trimethyl cellulose. 
2, 3, 6-Triethyl Glucose 
Mentioned in 46, 111, 180, 181, 215. The melting point is 100-101°. 
From triethyl cellulose (215) is secured triethyl ethyl glucoside (111), a 
colorless mobile oil of b.p. 120-123° at 0.2 mm., strongly refractive, and 
soluble in water and most organic solvents. X-ray diagrams of triethyl 
glucose have been studied ( 216). 
Methylated Glucosans 
Mentioned in 144, 194, 214, 221, 248 and 241. Trimethyl glucosan is a 
pale yellow oil (55) giving 2, 3, 5-trimethyl glucose dinitrate (which see) 
when treated with fuming nitric acid ( 123). It has a reducing value of 
10.6 if glucose is 100 (130). When treated with titanium tetrachloride, a 
chlorine-containing amorphous substance is secured. The glucosan occurs 
as an impurity in the trimethyl glucose from the methylated galactosiclo-
glucose of Fischer's (165). Methylated tetraglucosan gives tetramethyl 
glucose (71, 114, 223), 2, 3, 5-trimethyl glucose (114, 244) and an uniden-
tified dimethyl glucose (114) on hydrolysis. A dimethyl glucosan (241) 
has already been discussed in a previous paper. 
TETRA-ALKYLATED GLUCOSES 
GENERAL 
A large number of papers casually mention tetramethyl glucose with-
out specifically describing the individual sugar under discussion. They are: 
4, 5, 9, 10, 14, 15, 16, 26, 28, 34, 37, 41, 43, 52, 59, 60, 63, 65, 68, 
73, 78, 88, 94, 104, 111, 113, 118, 120, 139, 147, 148, 152, 155-157, 160, 162, 
163, 168, 173, 175, 181, 240, 247, 250, 268, 272, 277, 269, 278. Tetramethyl 
d-gluconic acid is mentioned in 186, the tetramethyl gluconolactone in 8, 10 
and 104, and tetramethyl methyl glucoside in 5, 8, 9, 14, 17, 26, 43, 59, 73, 
115, 140, 160, 162, 179 and 246. Mutarotation of tetramethyl glucose is 
discussed in 26, 90, 122, 134, 151, 190-192 and 197. 
It is stated that no tetramethyl glucose is present in the hydrolytic 
products from trim ethyl starch ( 211), and the same is generally conceded 
to be true in the ease of trimethyl cellulose (60, 61, 83, 92, 207) although 
one paper reports (150) that 2, 3, 5, 6-tetramethyl glucose is secured in 
significant amounts and another ( 18) states that a small amount is ob-
tained. When paullinia tannin is methylated, a tetramethyl glucose, among 
other things, is obtained from the hydrolytic products ( 51, 70, 276). The 
rffect of increasing the methoxyl groups on the absorption band has been 
determined in the case of tetramethyl methyl glucosicle (262). Di-ethyl 
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mercapto-glucose produces a tetramethyl derivative on methylation ( 153). 
A 1, 3, 4, 5-tetramethyl lactonic acid is mentioned (243) as well as a tetra-
methyl beta-ethyl glucoside (264) of boiling point 118° /0.5 mm. (11). 
2, 3, 5, 6-Tetmethyl glucose has not been obtained pure ( 111). 
Derivatives of 2, 3, 4, 5-tetramethyl saccharic acid found mentioned 
in the literature (67, 176, 232) are: (1) The baritim salt, long needles, 
soluble in water; (2) the silver salt, a white powder; (3) a cliamide, com-
posed of colorless glittering rhombic leaflets m.p. 237°, [a]o18 + 12.22°; 
( 4) a crystalline methyl amide, and ( 5) the dimethyl estM', of b.p. 150° /1 
mm., crystallizing as white needles or leaflets, m.p. 68°. Easily soluble in 
water, chloroform or ether. [a]n1 8 = + 8.88°. This ester may be prepared 
directly from saccharic acid ( 17 6). The tetramethyl saccharic acid is pre-
pared from 2, 3, 4, 5-tetramethyl gluconic acid, [a]o = + 10°, which, in 
turn, is obtained from methylated melibionic acid. 
A tetramethyl hexose diphosphate may be secured ( 198) from the cal-
cium salt of candiolin. It is a yellowish oil, nn19 = 1.4648, [a]o18 = 20.22° 
(CH30H) which, when treated with Purdie's reagents, forms the hepta-
methyl ester, b.p. 130-140° /0.01 mm., with a rotation of 20.77° in chloroform 
at 19°C. 
A 3, 4, 5, 6-tetramethyl glucose is reported which, on reduction, gives 
3, 4, 5, 6-tetramethyl sorbitol, wh!ch shows optical exaltation in the presence 
of boric acid (24, 36). 2, 3, 4, 5-Tetramethyl glucose is mentioned in 152 
and 246. 
2, 3, 4, 6-Tetramethyl Gliicose 
This tetramethyl glucopyranose is without question our most import-
ant sugar for the proof of structure. The methyl groups were at first as-
signed the positions 2, 3, 5 and 6, but the researches of Haworth and co-
workers showed that the methyl groups are undoubtedly attached to car-
bons 2, 3, 4 and 6. There is a definite 2, 3, 5, 6-tetramethyl glucose, of the 
furanose type, which will be described next. 
See references 11, 23, 24, 29, 40, 46, 107, 152, 156, 157, 182-184, 206, 
230, 243, 287 and 291 for general mention of this compound, and 166 for a 
discussion of its reducing power. Its behavior in boric acid solutions under 
different conditions may be found in 43 ,218, 245 and 246. A common 
methylene-diol is shared with tetramethyl mannose in aqueous solutions. 
(208, 228). The compound mutarotates even in the fused state (203), and 
does not oxidize to a tetamethyl saccharic acid (223) in various alkaline 
oxidizing solutions (246). On the other hand, it yields (203, 205) formic 
acid when it is treated with alkaline hydrogen peroxide solution and also 
a five-carbon acid. It is further stated to give (117, 173) a 2, 5-dimethyl 
d-arabonolactone, methyl esters of a methylated tetronic acid and demethy-
lated hexonic and pentonic acids. Since the tetramethyl glucose occurs in 
hydrolytic products quite frequently along with 2, 3, 6-trimethyl glucose, 
it is fortunate that the former can be separated (63) by extraction with 
boiling light petroleum from the latter. 
The tetramethyl glucose is not affected by the Grignard reagent ( 13), 
hy fuming H Cl ( 80), forms no osazone ( 146, 148) and is not digested by 
organisms ( 270). The sugar has a bitter taste, is neutral to litmus, readily 
soluble in organic solvents (2), but sparingly so in ligroin. The crystal 
form is needle-like (105, 282, 285, 290). It is stated (203) that when the· 
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tetramethyl glucose melting at 98° is crystallized rapidly from pure dry 
ether and ligroin (b.p. 30-40°) the melting point goes up to 103-104°. This 
compound then shows [a] 4454r.i=142.3°, unchanged .for six hours. Muta-
rotation then proceeded rapidly, and was complete in 198 hours. The re-
fractive index is 1.4583. The compound decomposes with titanium tetra-
chloride in chloroform, and the investigators (254) were not able to 
recognize any product in the reaction mixture. It causes no alleviation of 
the symptoms caused by insulin in mice (91). 
The 2, 3, 4, 6-tetramethyl glucose may be prepared from the following 
methylated substances: 
(a) Alpha- and beta-methyl glucosides (2, 3, 19, 22, 24, 31, 39, 209, 
232, 233). 
(b) Tetramethyl methyl d-glucosides (39, 87, 146, 242). 
(c) Glycerol glucoside (109, 110). 
( d) Methylated cellobioside ( 45, 48, 82, 108, 178). 
(e) Glucose oxime (11, 289). 
(f) Methylated gentibbiose (105, 108). 
(g) Methylated maltose (33). 
(h) Hexobiose of amygdalin (57, 58, 83, 93, 108, 147). 
(i) Methylated arbutin (87). 
(j) Octamethyl sucrose (27, 36, 69, 81, 82, 158). 
(k) 2, 3, 6-Trimethyl beta-methyl glucoside (60, 61, 101, 159, 194, 
223, 241). 
( 1) Hendecamethyl melezitose ( 185). 
(m) Hexamethyl amylobiose (162). 
( n) Hexamethyl glucoarabinose ( 35). 
( o) Pentamethyl aesculin (288). 
(p) Heptamethyl-4~,B-glucosido-a-methyl mannoside (282). 
( q) Methylated cellotriose ( 284). 
( r) Trim ethyl glucal ( 285). 
(s) Trimethyl glycogen (290). 
(t) Octamethyl maltobionic acid (290). 
( u) Tetramethyl indican ( 69). 
( v) Methylated trehalose ( 125, see also Bredereck, Ber., 63 :959 ( 1930) . 
(w) Polymerized glucosan (71, 114, 223). 
The principal physical characteristics are recorded below, the rotatio nin 
every case being determined in water. 
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B. P. 
182-5° 
150-3° 
]8'.?-5° 
1 ~--.. ("~ 
... 1·0 
110° 
MM. 
20 
0.2 
0.5 
M.P. 
81-3° 
86-8° 
88-9° 
84° 
85-7° 
82° 
88-9° 
86-7° 
81-3° 
86° 
93-4° 
81.2° 
98.0° 
88.0° 
82-4° " 
85° 
86° 
86-8° 
84-5° 
94° 
86° 
[a]o 
+ 80.8° 
83.0° 
83.3° 
90° ~ 84.1° 
83.3° 
99.9° ~ 83° 
82.3° 
83.7° 
82.0° 
79.0° 
83° 
84° 
100° ~ 83° 
91° ~ 83.2° 
91° ~ 83.2° 
Re.ference 
2 
7 
12 
19,22,27,45,58 
33,126,146 
35 
105 
108,232 
140 
159 
160 
174 
178· 
194 
203 
208 
228 
246 
256 
282 
284 
285 
288 
290 
The rotations ill alcohol may be found in 2, 35, 159; in acetone in reference 
203; benzene is given in 125; and for the constants in unusual solvents re-
fer to 9. 
Derivatives of this tetramethyl glucose are: 
(a) Tetramethyl gl11conic acid (155, 160, 184) . 
May be prepared from the parent sugar (2, 72, 145, 146, 174, 232, 
243). Its sodium salt is not digested by organisms ( 270), the calcium salt 
is a gum, and the cadmium salt is a glass (2) . Rotations may be found in 
the references 116, 154 and 170. 
(b) T etramethyl d-gluconolactone (76, 140, 184) . 
It is prepared from (a) (2, 72, 145, 159, 174, 232, 242), from the tetra-
methyl glucose ( 99, 109, 116, 255), or by epimerization of tetramethyl 
delta-mannolactone (188, 257). The rate of hydrolysis of this lactone has 
been studied ( 209, 233, 264-265). It is a pale yellow oil, b.p. 106-107° / 0.04 
mm. (174), with a refractive index of 1.4566 at 14° or 1.4556 at 18°C. 
(286). Rotations in water are given as: + 98° (170, 264, 265); + 99° ~ 
30.8° (8 hrs.) (174); 101.1°~25.6° (131); 97.7°~37.1° (286). The 
lactone forms a crystalline amino-lactone, which is apparently an internal 
urethane (72, 99). On epimerization, tetramethyl 8-mannolactone is formed 
( 189, 232, 235). Oxidation with nitric acid leads to xylotrimethoxy-glutaric 
acid (137, 145, 159, 160, 176, 209, 232, 233, 242, 255), but it is said (145) 
that d-dimethoxysuccinic acid is formed, too. 
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( c) Tetramethyl d-phenylhydrazide ( 2, 13, 131, 17 4). 
Melting point 109-112° (131); 115° (174, 235, 236). Optical rotation 
is + 42.io (ale.) (174); + 50.8° (ale.) (236 ). Soluble in alcohol, ether 
and benzene (2). 
( d) Tetramethyl l-gluconolactone (232). 
(e) T etramethyl l-phenylhydrazide (232, 236). 
M.p. is 115°; [a] 0 -50°. 
(f) T etramethyl oxirne (12, 13). 
( g) Tetramethyl oxirne methyl ether ( 13). 
(h) T etramethyl gluconoainide (72, 99, 286). 
Consist of waxy needles, m.p. 68-70°, with [a]"o + 77.5° in benzene 
and + 60.4° in acetone. Is an aminolactone, and not a true acid amide. 
(i) Tetramethyl gluconocarbimide. 
(j) Octarnethyl digliicose anhydride (7, 125) . 
Produced when the tetramethyl glucose is heated in benzene with HCL 
It is a syrup, distillable without decomposition, probably a disaccharide of 
the trehalose types, with a rotation of + 135.9° in methyl alcohol. 
(k) Tetramethyl glucose anilide (12, 13, 21, 162, 168, 188, 189, 285, 
289). 
The needles possess a melting point of 135° (204); 136-137° (71); 138° 
(203, 228) and a rotation of + 230° ~ + 59° (203) and + 226° (methyl 
ale.) ( 228). There is also reported the p-brornanilide, o-bromanilide, p-tolu-
idide and the p-anisidide (204). 
(1) T etramethyl beta-methyl glucoside (9, 43, 45, 69, 81, 87, 101, 164, 
194, 217' 241, 249, 264, 265, 286, 288 ). 
This glucoside is not digestible to micro-organisms ( 132, 270). The 
colorless oil distils at 108-110°/0.23 mm. (31) or 107-108° at 1 mm. (159). 
The refractive index is 1.4455 ( 31). It is said to have a melting point of 
42-43° (2); 39-41° (31) . The glucoside is readily hydrolyzed by emulsin 
(3). The following rotations are recorded: -15.8° (ale.) (159); -17° 
(water) (54, 146); - 13.3° (ale.) (31), and -11.6° (3). 
(m) Tetrarnethyl alpha-methyl glucoside (9, 69, 264, 265). 
Usually prepared directly from a-methyl glucoside (2, 3, 19, 22). It 
is not affected by emulsin (3) . 'l'he syrup is colorless, neutral, with a burn-
ing taste, soluble in alcohol and acetone. No action takes place on Fehling's. 
The boiling point is given at 108°/0.1 mm. (19, 22); 144-152°/20 mm., 75-
850/0.01 mm. (284). Other physical constants are no=l.4454 (19, 22); 
n o14 = 1.4462 (284); d420 = 1.1082 (19, 22). Specific rotation in water is 
given as+ 147.4° (3, 6), and in alcohol as+ 153.9° (6) and+ 154° (54). 
( n ) 1-Chloro-,'2, 3, 4, 6-Tetramethyl glucose (13, 259, 260). 
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Together with 1, 2, 3, 6-tetramethyl glucose, crystalline octamethyl 
cellobiose may be synthesized from this compound. 
2, 3, 5, 6-Tetramethyl Glitcose 
Discussed in 1, 23, 81, 95, 120, 130, 152, 154, 160, 162, 163, 168, 182, 
183. It may be prepared from the following sources: 
(a) Gamma-methyl glucoside (24, 160, 222, 232). 
(b) Methylated lactose ( 82, 178, 222). 
(c) Methylated maltobionate (176). 
(d) Methylated celloside (47, 49). 
( e) Acetone glucose ( 160). 
(f) 2, 3, 6-Trimethyl gamma-methyl glucoside (160, 241). 
(g) 3-Monomethyl glucose (228). 
This furanose type of tetramethyl glucose reduces alkaline permanganate 
very readily (29, 160). Conversion into the glucoside takes place very rap-
idly (29). It distils at 120°/0.03,mm. (249); 100-110°/ 0.1 mm. (226). For 
water [a]n=-11.1°; -7.2°; -9.7° (160); -7.28° (249); -27.5° 
( 226). In benzene at 20°, the rotation is - 17 .io ( 187). The r efractive 
index is 1.4525; 1.4585; 1.4563 ( 160) ; 1.4450 (226). A number of inves-
tigators (47, 49 and 228) give its melting point as 90-94°. 
From this sugar have been prepared: 
(a) Tetramethyl glucose anilide (24, 228). 
Melting point is 135° (228). 
(b) Tetramethyl glucose acetoacet'ic acid ( 199, 200) . 
Not obtained pure. 
(c) Tetramethyl glucose cycloacetic acid and ester (171, 199, 200). 
This does not reduce alkaline copper solutions but instantly decolorizes 
aqueous permanganate in the cold. See the references for other character-
istics. 
(cl) Tetramethyl hexitol (24) . 
This is presumed to be a tetramethyl sorbitol. 
(e) Tetramethyl gluconoamide. 
Long needles, m.p. 91°; [a]n24 = + 39.2° (water). 
(f) Teframethyl glitconic acid. 
One worker (24) states that a pentitol ether is obtained, in addition, 
when the parent tetramethyl glucose is oxidized. The acid may be prepared 
from the tetramethyl glucose (24, 76, 133, 170, 176, 232, 237) or from 
methylated maltobionic acid ( 33, 202, 232, 290). The acid has [a ]n = 
+ 27.7° (160, 170, 176). 
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(g ) Tetramethyl glucose phenylhydrazide (33, 131, 137, 177, 178, 202, 
228, 232, 190). 
It is claimed to be a resinous product ( 24), but the following melting 
points have been recordeJ: 131-134° (131) ; 134-136° (232, 290) ; 135-136° 
(178, 235); 136° (228). 
(h) Tetramethyl gamma-glitconolactone. 
Methods of preparation include: (1) 2, 3, 6-t rimethyl gamma-glucono-
Jactone (131, 137, 174, 232); (2) methylated lactobionate (177); (3) 
epimerization of tetramethyl gamma-mannolactone (232, 235) or ( 4) from 
the gluconic acid (f) (24, 176, 233) . The rate of hydrolysis has been studied 
( 209, 233, 264, 265). On degradation d-dimethyl tartaric acid (209, 232, 
233) or d-methoxysuccinic acid (identified by the crystalline amide and 
methyl amide) is formed (145, 174, 176, 237). The melting point varied 
between 25.5-27° (170, 178, 228, 264, 265, 290) . It is more stable (174) than 
the delta-lactone. Properties of the substance as a syrup: b. p. 115-120° /0.04 
mm. ; n 0 1 5· 3 = 1.4486, nn14 = 1.4501 (170 ) ; n l G = 1.4490 (290 ) . Aqueous 
rotations are: [a]n1 8 = + 61.0° (30 mins.) ~ + 58.2° (1 day) (290); 
+ 57° (2 days) (290); [a]n12 = 62.5° ~ 32.9° (170); 61.5° ~ 39.6° (131); 
62° (264, 265). 
(i ) Tetramethyl alpha-methyl glucoside (24, 54, 187, 228, 241, 249, 
264, 265). 
A colorless syrup, n0 1 6 = J .4440; [a]n10 =-20.4° (water) ; [a]n24 = 
- 24.15° (methyl ale.) (1, 154, 187, 286). 
(j) T etramethyl beta-methyl gliicoside (1, 24, 54, 154, 187, 217, 241). 
Does not relieve symptoms caused by insulin in mice (91) . Melts at 
40-41° (264, 265); distils at 142-144° (226); 107-110°/0.2 mm. (249); 115-
1160 / 0.5 mm. (24). It is hydrolyzed slowly by N/100 HCl at 40° and 
rapidly at 100°. The other physicals constants are recorded as follows: 
nri 20 = 1.4472 (226 ) ; [a]n17 = + 18.38° (CH30H); -17.65° (96 % ale.) 
(222) ; [a]nio = - 17° (226) ; - 17.75° (:final-CH30H) (187 ) ; and 
- !J.2° in 5 per cent solution in N/ 100 HCl (24); - 14.6° (water) (249). 
PENTAM:ETI-IYL GLUCOSE 
This undoubtedly occurs as the aldehyde form (262) with the methyl 
groups attached to carbons 2, 3, 4, 5 and 6. It gives the characteristic 
r:arbonyl absorption band. It is mentioned in 228, 253, 258 and 289 without 
any detailed description. Calcium gluconate is the usual basis for its pre-
paration ( 116, 139 ) , but it may also be prepared from the diethyl mercapto 
compound ( 153). Directions for the preparation of pentarnethyl diethyl 
rnercapto-glitcose may be found in 153, 274 and 275. This mercapto-com-
pound has a boiling point of 145-155° at 0.6 mm., nn20 = 1.4884, and d4 20 = 
1.0834. The rotation in methyl alcohol is 19.2°. It does not r educe Fehling's 
and has a garlic odor. 
2, 3, 4, 5, 6-Pentamethyl glucose distils at 108-110° / 0.4 mm., nn2 0 = 
1.4467; d4 20 = 1.0944; [a]n= - 11.9° (18 hrs.) (153). Other rotations 
found in the lit erature are - 35.4° at 20°0. (186 ) and + 53.7° in a solu-
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tion of NaOH (116, 139), which falls to + 22.5° when the solution is 
neutralized. It reduces Fehling's only on boiling, but ammoniacal silver 
nitrate is reduced at room temperature. Permanganate is reduced readily. 
The sugar forms a dimethyl acetal (139, 153, 186), which distils at 95°/0.86 
mm., nn20 = 1.4373 and rotates + 15.09° in methyl alcohol. 
The pentamethyl glucose is not fermentable by a large group of organ-
isms (270). The rotation dispersion data has been calculated (227) as well 
as the reducing power ( 166). Glucose oxime, on methylation, does not give 
the open chain pentamethyl glucose as would be expected (12, 289). 
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The importance of sulfur as one of the elements indispensable for plant 
growth has been noted by numerous investigators. It has been definitely 
proved that plants assimilate sulfur in the form of sulfates and recent 
studies of the sulfur content of plants have shown that certain crops use 
considerable quantities of the element for their growth. 
The fact that many cultivated soils have shown a rather low total sul-
fur content has led to the use of sulfur as a fertilizing material and interest 
has been aroused in the effects of sulfur and sulfur compounds on various 
soil conditions. 
The occurrence, numbers and activities of microorganisms in the soil 
and their relation to the fertility problem, have in recent years been the 
subject of many investigations . .,Some very interesting results have been 
secured from the study of the factors affecting biological activities in the 
soil. Various soil treatments have been found to exert a marked influence 
on the numbers of microorganisms, and on the ammonifying, nitrifying, 
nitrogen fixing, cellulose decomposing, sulfur oxidizing and crop producing 
powers of the soil. 
Although scientists have shown that the oxidation of sulfur to sulfate 
in the soil ("sulfofication") is brought about chiefly by biological agencies, 
comparatively little work has dealt with the bacterial activities involved. 
Therefore, studies of the effect of various fertilizer treatments and of other 
factors which may influence bacterial activities in the production of greater 
amounts of sulfates in the soil are of importance. It is also of interest to 
determine whether or not there is any relation between the power of soils 
to oxidize sulfur and their ability to produce crops. 
The work reported in the following pages was planned to throw some 
light on the sulfur oxidation and its occurrence under various soil con-
ditions. 
REVIEW OF LITERATURE 
S'fUDIES ON SULFUR OXIDATION 
The fact that sulfur is transformed into sulfaet in the soil has long 
been known ( 36). More recently extensive studies of sulfur oxidation and 
its relation to the production of soluble phosphates have been carried on 
at the New Jersey Agricultural Experiment Station (33, 38). 
'Part of a dissertation submitted to the Graduate Faculty of Iowa State College in 
partial fulfillment of the requirements for the degree Doctor of Philosophy. 
'The author wishes to express hi11 indebte'lness to Dr. P. E. Brown for his helpful 
suggestions in outlining t.he problem and in reading this manuscript. Thanks are due 
Dr. F. B. Smith and Dr. R. H. Walker for timely advice and encouragement during the 
progress of the work. 
[65] 
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Simon and Schollenberger ( 49) and Stephenson (51) found that the 
rate of sulfur oxidation was dependent on the degree of fineness of the 
fertilizing material. This result agreed with the finding of Kappen and 
Quensell ( 27) . 
Martin (37) recognized that environmental conditions play an im-
portant role in the oxidation of sulfur in the soil. Lipman (29) emphasized 
temperature, and Brown and Kellogg (11) showed that soil composition, 
treatment, texture, moisture content, temperature and aeration are all im-
portant factors. 
Brown and Gwinn (8) reported that the transformation of sulfur to 
sulfate was more readily accomplished in the presence of rock phosphate 
than in its absence. Additions of phosphorus and manure were shown to 
increase sulfur oxidation. 
Shedd (47) made a comparative study of sulfur oxidation in the soil 
and in sand. That each soil has a definite sulfur oxidizing power has been 
demonstrated by Brown and Kellogg (11) . 
Halverson and Bollen ( 19) found that the application of sulfur tended 
to increase the sulfur oxidizing efficiency of the soil. These authors further 
showed that there was a correlation between the sulfur oxidizing power and 
the sulfate content of the soil. 
Pfeiffer and Blanck ( 41) found that the increase in the sulfate content 
of the soil was proportional to the amount of sulfur added. 
Ames and Richmond (2), Brown and Johnson (10), and Brioux and 
Guerbet (12) reported that calcium carbonate stimulated sulfur oxidation 
in the soil. 
Neller (39) and Haynes (20) showed that sulfur was oxidized more 
rapidly under alkaline conditions and that a high concentration of salts 
did not prevent sulfur oxidation. This is in accord with the results ob-
tained by Kelley and Thomas (28) and Samuels (46). 
SULFUR OXIDATION IN RELATION TO BACTERIAL ACTIVITY 
Brown and Kellog·g (11), who first made a thorough study of sulfo-
fication in soils, showed that the sulfur oxidation in soil was primarily 
brought about by bacterial action. 
Joffe (25) stated that the oxidation of sulfur in the soil, while brought 
about chiefly by the activities of microorganisms, may be the result, in 
part, of chemical reactions. This has been pointed out by Kappen and 
Quensell (27). However, Boullanger (4) and Demolon (13, 14) empha-
sized the significance of the biological factor. They have shown that in 
sterilized soils the sulfur applied was not converted into sulfate as effi-
ciently as in soils not sterilized. 
Lipman (29) and his associates reported that elemental sulfur is oxi-
dized by certain bacteria. Several types of sulfur oxidizing bacteria have 
been isolated and studied and the sulfur oxidizing process has been shown 
to occur in soils. 
Shedd ( 48) found that sulfur oxidation did not proceed as rapidly in 
soil not inoculated as when the soil was inoculated with sulfur oxidizing 
organisms. 
Gubin (18) suggested that different groups of sulfur organisms act on 
different sulfids. Among the iron sulfids, marcasite and ferrous sulfids are 
oxidized more rapidly than pyrite. 
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Several investigators have found, also, that the process of sulfur oxi-
dation has some relation to the nitrifying bacteria and to the nitrogen cycle 
in the soil. 
Boullanger and Dugardin ( 5) attributed the favorable action of sul-
fur on the soil to the stimulus produced on bacteria which were known to 
decompose nitrogenous matter with the production of ammonia. 
Ames and Richmond (2) and Fife (15) stated that small amounts of 
elemental sulfur increased ammonification, but the process of nitrification 
was retarded. 
Brown ( 6) found that sulfur oxidation affected the activities of the 
nitrifying organisms. Calcium carbonate when added to the soil frequently 
stimulated sulfur oxidation, and it also prevented the injurious effects of 
sulfur oxidation upon the nitrifying bacteria. 
Pitz ( 42) stated that sulfur when applied to a silt loam soil increased 
the acidity of the soil and this tended to decrease the number of bacteria 
after a certain period. He further reported an increase in ammonification 
which was accompanied by a parallel decrease in nitrate formation. 
Brioux and Guerbet (12) studied the transformation of sulfur in the 
soil, and the effect of carbohydrates, peptone and other nitrogenous mate-
rial on the process of sulfur oxidation. They found that carbohydrates had 
a retarding effect, while peptonerand certain other nitrogenous substances 
accelerated the process, so that in 30 days 82 per cent of the sulfur added 
was found to have been oxidized to sulfate. 
Lipman and Joffe (30) and Brown (6) have shown that dextrose pre-
vented the rapid oxidation of sulfur. The elimination of dextrose from the 
medium led to a more rapid oxidation. 
SULFUR OXIDATION IN RELATION TO SOIL ACIDITY 
The results of investigations have shown that the development of a 
strong acidity is caused by the continued application of sulfur, especially 
where large amounts are applied to soils ( 41, 42, 44). 
Hibbard (21) and Lipman, McLean and Lint (33) claimed that the 
increase in the acidity of the soil was caused by the oxidation of the sulfur 
and phosphorus in the soil. 
Tottingham and Hart (52) reported a gradual increase in the acidity 
in a garden soil composted with sulfur and rock phosphate. The acidity of 
the soil was found to be correlated with the amount of sulfur added. Simi-
lar results have been secured by Rudolfs ( 45) and Simon and Schollen-
berger ( 49) . 
Lipman, McLean and Lint (33), Neller (40) and Joffe and McLean 
( 26) showed that applications of 200 or 500 pounds of sulfur did not mate-
rially change the hydrogen ion concentration through the season. Higher 
applications caused a decided increase in hydrogen ion concentration after 
the fourth to eighth weeks. 
Gardner, Noll and Baker (16) stated that failures of crops at the 
Pennsylvania Agricultural Experiment Station Farm were mainly brought 
about by the strong acidity which developed as a result of the continued 
application of ammonium sulfate. 
Adams (1) applied sulfur to Miami silt loam soil at the rate of 1,500, 
2,000 and 3,000 pounds per acre and incubated the composts for a period 
of 30 days. The hydrogen ion concentration was found to have increased 
from 4.75 to 3.62 and 3.16, respectively. 
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Reimer and Tartar ( 43) believe that sulfur should not be applied to 
soils deficient in lime as it causes acidity to develop. 
I. EXPERIMENTAL 
STUDIES ON PLOT SOILS 
'l'his work was carried out on a series of plots under the five-year rota-
tion of corn, oats, clover, wheat and alfalfa on the Agronomy Farm of the 
Iowa Agricultural Experiment Station. The soil is a typical Wisconsin 
drift and the plots include soils of the Carrington series, Carrington loam 
and Carrington fine sandy loam. 
'fhe treatments of the plots are as follows: 
Plot 
No. Treatment 
912 Check 
913 ,Manme 
914 Manure + lime 
915 Manure + lime + rock pho:;iphate 
916 Manure + lime + superpbosphatc 
917 Check 
918 Crop residue 
919 Crop l'esidue + lime 
920 Crop residue + lime + rock phosphate 
921 Crop residue + lime + superphosphate 
922 Check 
Methods of Treatments 
'l'he various fertilizing materials are applied in amounts which are 
ordinarily used in practice. Manure is added at the rate of 10 tons per 
acre. Lime is applied at the rate of three and one-half tons per acre. The 
application is made in the spring preceding seeding of the clover crop. 
Rock phosphate is applied at the rate of 2,000 pounds per acre. The appli-
cation is generally made in the fall and the phosphate is plowed under. The 
superphosphate is applied at the rate of 200 pounds per acre annually. It 
is usually applied in the spring and disced in. 
'fhe first sampling was made on August 19, and samples were taken at 
irregular intervals for several months. The sampling dates are given in 
table 1. 
Method of Sampling 
The soil samples were taken by removing at least two inches of the 
surface soil from an area approximately 20 inches square. The soil was 
thoroughly stirred to a depth of from four to seven inches and the samples 
taken. Twenty small samples were drawn in this manner from each of the 
plots and well mixed to form composite samples, which were then placed in 
mason jars. 
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The samples were immediately taken to the laboratory and tests were 
made of the numbers of molds and bacteria, the moisture content, the re-
action, and the sulfur oxidizing power of the soil. The quinhydrone elec-
trode method was employed in the determination of the soil reaction. 
Dete1·mination of the Nmnber of Bacteria in the Soil 
The number of bacteria present in the soil was determined by plate 
method, using Brown's modified albumen agar, which has the following 
composition : 
Dextrose ...................................................... .............. 10.00 gms. 
Di-potassium phosphate (K~HP04) ...................... 0.50 gm. 
Magnesium sulfate (MgS04.7H20) ...................... 0.20 gm. 
Ferric sulfate Fe~ ( S04 ) 3 ........... . ............ . ............. .... 'l'race 
Egg albumen ..................................................... ....... 0.25 gm. 
Agar ...................................................................... ...... 15.00 gms. 
Distilled water .......................................................... 1000.00 cc. 
'fhe reaction was adjusted to pH 7 .0. 
'l'he usual dilution method wa.s employed, using physiological salt solu-
tion for the dilutions. Fifty grams of soil were shaken with 500 cc. of salt 
solution for five minutes, the dilutions made and the plates prepared. The 
plates were incubated at room temperature for one week, after which time 
the colonies were counted. The numbers of colonies secured on five plates 
were averaged. 
Determination of the Nurnber of Molds in the Soil 
Waksman's synthetic acid agar was used in the determination of the 
number of molds. The medium was as follows: 
Glucose .............................................. 10.00 gms. 
Peptone .............................................. 5.00 gms. 
KH2P04 ............................................ 1.00 gm. 
MgS04.7H20 ...................................... 0.50 gm. 
Agar .................................................. 25.00 gms. 
Distilled water .......................... ........ 1000.00 cc. 
The reaction was adjusted to a pH of 4.0 with normal sulfuric acid. 
The incubation period was three to fol.1r days. 
R esults of the Determinations of the Numbers of Bacteria 
The r esults obtained in the bacterial counts on each of the 11 soils at 
the various samplings are shown in table 1. 
It will be noted that the fluctuation in bacterial numbers in each of the 
soils was considerable. This was especially true with the manured soils, in 
which the rise and fall in the numbers were more evident than with the 
soils in the crop residue plots. The check plots, however, showed a more or 
less r egular curve for the rise and fall in the numbers of bacteria. 
TABLE 1. Numbers of bac"leria per gram of ailr-dry soil 
·------------
Plot Dates of sampling 
No. Aug. 19 Sept. 8 Sept. 22 Oct. 5 Oct. 20 Nov. 28 
912 2,285,000 2,830,000 3,170,000 2,985,000 1,780,000 2,275,000 
913 4,730,000 6,410,000 3,405,000 5,270,000 2,220,000 3,290,000 
914 2,610,000 3,629,000 2,825,000 2,935,000 1,305,000 4,070,000 
915 4,930,000 6,530,000 2,955,000 4,560,000 1,760,000 3,720,000 
916 6,420,000 6,640,000 4,670,000 5,960,000 2,875,000 4,140,000 
917 3,375,000 3,890,000 2,730,000 3,410,000 1,572,000 1,885,000 
918 4,240,000 4,760,000 2,585,000 3,750,000 1,910,000 2,660,000 
919 3,495,000 4,340,000 4,356,000 3,710,000 1,669,000 3,330,000 
920 4,140,000 5,060,000 3,856,000 3,840,000 2,089,000 2,890,000 
921 4,460,000 5,450,000 4,160,000 5,390,000 1,632,000 3,025,000 
922 2,875,000 3,080,000 3,445,000 3,980,000 1,650,000 2,275,000 
Av. 3,960,000 4,774,460 3,468,820 4,162,730 1,860,190 3,050,990 
Dec. 23 Jan. 7 
3,180,000 3,375,000 
2,760,000 5,900,000 
3,070,000 6,080,000 
3,590,000 6,890,000 
3,790,000 6,750,000 
3,540,000 3,730,000 
3,086,000 4,760,000 
3,979,000 4,050,000 
3,770,000 4,330,000 
3,299,000 4,680,000 
3,525,000 4,520,000 
3,326,270 5,005,910 
Average 
2,735,000 
4,248,000 
3,315,000 
4,378,400 
5,155,600 
3,016,000 
3,471,400 
3,616,200 
3,748,000 
4,012,000 
3,168,750 
t:I 
H 
0 
z 
~ 
0 
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Considering the averages of the bacterial counts in all the soils at each 
sampling, it may be of interest to note that the numbers varied consider-
ably. For instance, on August 19, when the first sampling was made, there 
were 3,960,000 bacteria per gram of soil. This was followed by an increase 
on September 8. At the third sampling there was a decrease, followed by 
an increase at the fourth sampling. At the fifth sampling, which was made 
on October 20, the bacterial numbers had dropped considerably. After that 
time the number gradually increased, and on January 7, when the last 
sampling was made, there were 5,005,910 bacteria per gram of soil. This sug-
gests that seasonal condition and temperature affect to a marked extent the 
number of bacteria in the soil. 
The data also indicate that the bacterial numbers present in the soil 
varied with the soil treatments. Comparing the bacterial counts in the soils 
in the manured plots, it will be noted that the lime, manure and super-
phosphate treated plot (916) showed the largest number of bacteria. Plot 
915, which received applications of manure, lime and rock phosphate, was 
second. The soil in plot 913, which was treated with manure alone, showed 
a greater number than the soil in plot 914, which received manure and lime. 
In this case, it would appear that the addition of lime to the soil in plot 
914 did not favorably influence the bacterial development. 
It was found that the three check plots, 912, 917 and 922, showed lower 
numbers than any of the treate<l plots. The soils from plot 916, to which 
manure, lime and superphosphate were applied, contained a greater num-
ber of bacteria than that from plot 921, which was treated with crop 
residues, lime and superphosphate. Likewise, the soil in plot 915, which 
was treated with crop residues, lime and rock phosphate, contained greater 
bacterial numbers than the soil in plot 920, which received an application 
of crop residues, lime and rock phosphate. 
The soil from plot 914, treated with manure and lime, showed a smaller 
number of bacteria than that from plot 919, which was treated with crop 
residues and lime. 'fhe difference, however, was not very significant. The 
soil in plot 913, with a treatment of manure alone, was found to contain 
more bacteria than the soil in plot 918, which received an application of 
crop residues alone. 
When the soils from the manure and the crop residue plots are com-
pared it is noted that the former showed a greater number of bacteria than 
the latter. It appears, therefore, that the manure had a greater effect on 
bacterial numbers than the crop residues exerted. This finding is in accord 
with the results secured by Brown (7) and Greaves and Carter ( 17 ). 
Determination of the Numbers of Molds 
The results of the determination of the numbers of molds are presented 
in table 2. From these data it appears that in most cases the numbers fluc-
tuated without much regard to seasonal conditions. When the mold counts 
of each of the 11 soils at the conclusion of the tests are compared it may 
be noted that the soil treatments did not seem to have a direct influence on 
the rise and fall of the numbers. 
Comparing the mold content with the bacterial counts obtained on each 
of the soils, there seems to be some relationship between the development 
of these two groups of organisms. It appears that there was a rather defi-
TABLE 2. Nmnber of 111-0lds per grain of ai.r-dry soil 
-
Plot Dates of sampling 
No. Aug. 19 Sept. 8 Sept. 22 Oct. 5 Oct. 20 Nov. 28 Dec. 23 Ja.n. 7 Average 
912 315,000 271,900 240,100 210,000 189,000 227,500 273,000 349,000 259,500 
913 499,000 376,000 361,900 285,900 335,000 306,100 253,000 385,000 350,273 
9H I 369,900 275,000 239,000 228,200 206,500 302,500 239,000 374,500 279,325 9li\ I 350,000 331,500 426,000 344.500 384,800 431,000 247,000 371,900 380,837 916 I 375,000 303,000 412,000 412;000 380,000 379,000 263,500 270,000 356,850 
9li I 348,500 279,000 395,500 286,000 281,200 341,000 274,200 410,000 326,925 918 512,000 343,100 303,000 341,000 314,500 289,000 240,000 405,000 343,450 
919 I 470,000 303,500 290,100 292,000 289,000 264,000 261,000 345,000 313,075 920 326,600 348,500 330,000 214,500 307,900 266,000 251,800 351,000 299,537 
921 435,000 379,000 348,500 284,000 315,000 267,.000 261,500 316,000 350,750 
922 ~7-6,900 285,800 255,500 398,000 263,900 238,500 238,500 309,000 283,262 
Av. 388,900 363,290 325,600 314,200 296,980 303,055 254,770 373,310 
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nite ratio between the numbers of molds and bacteria. For instance, the 
increase in the number of bacteria in each of the manured soils was accom-
panied by an increase in the mold content. In the crop residue treated 
soils, however, it is noted that as the numbers of bacteria increased, the 
molds decreased. In the manured soils there was greater development of 
both groups of organisms than in the crop residue treated soils. 
Moisture Determ·inations 
'rable 3 shows the results obtained from the determinations of the moist-
ure content of the soils of the various plots. The data indicate that there 
were no great differences in the amount of moisture in the manured and 
the crop residue treated soils. The manured soils showed a somewhat lower 
moisture content and this difference was probably a result of the fact that 
these soils are lighter in texture than those in the crop residue plots. The 
addition of manure would be expected to increase the water-holding capa-
city of the soils, but did not bring about sufficient influence to offset the 
effect of the difference in texture. 
According to these results the moisture content of the soil influenced 
the bacterial development to a large extent. The numbers of bacteria de-
creased with decreases in the mo~ture content of the soils in the various 
plots. The increases in the numbers of bacteria were also in most cases ac-
companied by an increase in moisture content. The number of molds, on 
the other hand, fluctuated without regard to the moisture in the soil. Jn 
fact, a gradual decrease in the mold counts occurred from the first to the 
fourth samplings, while there was an increase in the moisture content. 
----
p lot 
No. 
!Jl2 
913 
914 
915 
916 
917 
918 
919 
920 
921 
922 
Av. 
----- --
Aug. Sept. 
19 8 
8.70 8.70 
7.54 11.10 
8.70 12.80 
9.80 11.10 
11.10 8.70 
12.40 11.10 
8:70 11.10 
9.80 12.40 
8.70 12.40 
8.70 11.10 
7.40 9.80 
9.22 10.94 
TABLE 3. Moisfare c011tent of the soils 
(Percentage) 
Dates of sampling 
Sept. Oct. Oct. N o,-. Dec. 
2~ 5 20 28 23 
9.80 11.10 11.10 13.65 13.65 
6.40 9.80 11.10 17.65 14.90 
8.70 12.70 10.70 16.30 15.65 
9.80 11.10 9.80 16.30 12.40 
8.70 12.40 11.10 14.90 14.90 
13.70 9.80 12.40 17.65 14.90 
12.40 13.65 12.40 16.30 13.65 
12.40 12.40 11.10 14.90 13.65 
13.70 13.65 9.80 16.30 14.98 
12.40 12.40 8.70 16.30 13.65 
11.10 13.65 9.80 13.65 13.65 
10.80 12.06 10.72 15.81 I 14.18 
II ydrogen Ion Concentration Determinations 
--
.Jan. Aver-
7 age 
16.30 11.64 
20.50 12.38 
19.65 13.15 
20.50 12.60 
20.50 12.80 
20.50 14.06 
19.00 13.40 
19.00 13.21 
17.65 13.40 
17.65 12.61 
l!J.00 12.38 
l!J.11 I 
The results of the hydrogen ion determinations as measured by the 
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quinhydrone electrode method are given in table 4. The data show that there 
was no significant variation in the reaction of the soils in each of the 11 
plots. 
Comparing the average r esults on the different dates of samplings, it 
is noted that the seasonal effects were not marked. All the manured soils, 
plots 913, 914, 915 and 916, showed an average pH of 6.09, as compared 
with 6.01 for the crop residue treated soils, plots 918, 919, 920 and 921, for 
the entire sampling period. It would appear , therefore, that the reaction 
of these soils was not definitely correlated with the development of bac-
teria and molds in the soils. 
Sulfur Oxidation E xperiments 
The method used was as follows : 
Six one-hundred-gram portions of each of the soils under investiga-
tion were placed in tumblers. Two tumblers were used as checks. To each 
of two tumblers, one gram of elemental sulfur was added. In two tumblers 
the soils were treated with four grams of sodium thiosulfate. The tumblers 
were covered with tin covers and incubated at room temperature for six 
weeks at a moisture content of 50 per cent saturation. 
Plot 
No. 
912 
913 
914 
915 
916 
917 
918 
919 
920 
921 
922 
Av. 
Aug.19 
620 
6.00 
6.00 
5.90 
6.20 
6.00 
6.30 
6.20 
6.00 
6.30 
6.30 
6.13 
TABLE 4. Hydrogen ion concentration of the soils-(pH) 
Dates of sampling 
Sept. 8 Sept. 22 Oct. 5 Oct. 20 Nov. 28 Dec. 23 Jan.7 Av. 
5.90 6.00 5.90 6.00 5.90 5.90 5.80 5.95 
6.20 6.00 6.00 6.00 6.20 6.10 6.00 6.06 
6.20 6.00 6.00 6.10 6.00 6.00 5.90 6.03 
6.20 5.90 6.10 6.20 6.10 6.10 6.00 6.06 
6.40 6.20 6.20 6.00 6.20 6.30 6.10 6.20 
6.20 6.20 6.00 6.00 6.20 6.20 6.00 6.10 
6.00 6.00 6.00 5.90 6.00 6.00 5.80 6.00 
6.20 6.20 5.90 5.90 6.00 6.00 5.80 6.03 
5.90 6.20 6.80 6.10 5.90 5.80 6.00 5.96 
6.00 6.00 6.00 6.00 6.00 5.90 6.00 6.03 
6.00 5.90 6.00 6.00 5.90 6.00 5.90 6.00 
6.11 6.06 5.91 6.02 6.04 6.03 5.57 
The amount of sulfates was then determined by the use of a sulfur 
photometer. 
R esults of the Experiments on Sulfur Oxidation 
The average results presented in table 5 are expressed in milligrams 
of sulfur as sulfate per 100 grams of air-dry soil. The results in column A 
were secured with the elemental sulfur treatment and column B with the 
sodium thiosulfate application. 
A study of the figures shows that all the soils in the variously treated 
plots differed in their sulfur oxidizing efficiency. A greater sulfur oxidizing 
power was observed with the use of sodium thiosulfate than with the ele-
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mental sulfur. In the later discussion of the results, unless otherwise 
stated, only the figures given in column A are considered. 
Comparing the amounts of sulfates which were produced in each of the 
11 soils at the end of the sampling period, it is evident that the soil treat-
ments exerted an influence on the sulfur oxidizing power of the soil. Con-
sidering only the manured plots, it will be noted that the soil from the 
manure, lime and superphosphate treated plot (916) was capable of pro-
ducing the greatest amount of sulfate. Plot 915, treated with manure, lime 
and rock phosphate, showed a greater sulfur oxidizing power than the soil 
from the manure and lime treated plot (914). With the manure application 
TABLE 5. Sulfur oxidation experiments 
Milligrams of sulfur as sulfate per 100 grams of soil from various plots** 
Plot Aug. 19 Sept. 8 Sept. 22 Oct. 5 Oct. 20 
No. A* B* A B A 
-----
912 42.00 62.25 62.13 94.88 108.13 
913 79.88 100.30 95.50 115.88'' 92.50 
914 71.50 100.02 74.50 105.25 87.13 
915 76.75 116.00 83.63 120.88 89.88 
916 89.88 124.38 84.88 92.50 108.13 
917 100.25 111.88 95.63 124.38 103.63 
918 100.88 151.00 98.13 110.00 104.25 
919 101.38 126.25 95.75 130.00 113.75 
920 115.88 124.38 115.88 128.13 109.38 
921 130.00 137.13 121.88 148.75 103.50 
922 102.50 121.00 110.00 130.00 104.25 
Av. 91.90 115.85 94.36 118.24 103.14 
·-
Plot Nov. 28 Dec. 23 
No. A B A B 
912 130.50 155.00 143.13 167.38 
913 137.75 138.75 150.63 187.25 
914 146.75 155.13 182.75 201.38 
915 159.88 178.00 191.38 204.88 
916 161.50 168.50 189.00 207.75 
917 137.63 154.88 184.25 203.13 
918 138.00 160.63 184.25 218. 75 
919 156.13 177.38 196.25 226.88 
920 154.25 169.75 201.75 233.75 
921 132.00 157.38 207.38 216.90 
922 131.50 142.00 206.88 220.88 
Av. 144.17 159.76 185.24 208.06 
*A-Elemental sulfur treatment. 
B- Sodium thiosulfate treatment. 
**Results given are the average of duplicates. 
B A B A B 
115.50 109.00 144.38 109.25 126.00 
99.63 103.69 116.88 109.75 115.00 
94.38 93.13 108.13 106.00 143.00 
104.63 106.63 115.00 108.50 119.25 
118.13 102.50 112.50 105.75 126.25 
113.13 104.25 116.25 116.25 118.75 
115.88 109.75 116.75 115.00 119.50 
119.38 114.00 118.50 118.75 124.24 
114.13 115.00 119.00 119.25 132.18 
109.38 119.50 123.00 126.00 140.25 
145.63 124.50 133.80 124.75 133.50 
113.61 111.04 120.38 126.59 137.27 
Jan. 7 Average 
A B A B 
169.13 196.25 109.16 132.72 
173.38 226.63 117.88 137.54 
201.13 209.00 120.36 139.54 
185.13 191.75 125.22 143.80 
188.13 209.63 128.72 144.95 
196.88 228.38 129.85 146.35 
201.75 225.50 131.50 152.13 
183.25 227.25 134.90 156.24 
210.12 236.88 142.69 157.27 
208.88 225.38 143.61 157.26 
214.38 227.25 137.84 156.75 
193.83 217.53 
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alone, plot 913, the sulfur oxidizing power was the lowest. This relation 
between the soil treatments and the sulfur oxidizing power of the soils in 
the manured plots was found to correspond with that found for the soils 
from the crop residue treated plots. 
TABLE 6. Avera.ge results of moistiirc, rcactimi, nwmbers of microorgani.sms and 
siilfur oxUlation 
Plot P ercentage Numbers of microorganisms 
Mgm. sulfur as 
sulfates* 
No. H,O pH Bacteria Mo Els A B 
912 11.64 5.95 2,735,000 259,500 109.16 132.72 
913 12.38 6.06 4,248,000 350,237 117.88 137.54 
914 13.15 6.03 3,315,500 279,325 120.36 139.54 
915 12.60 6.06 4,378,400 380,837 125.22 143.80 
916 12.80 6.20 5,155,600 356,850 128.17 144.95 
917 14.06 6.10 3,016,500 326,925 129.85 146.35 
918 13.40 6.00 3,471,400 343,450 131.50 152.13 
919 13.21 6.03 3,616,200 313,075 134.90 156.24 
920 13.40 5.96 3,748,000 299,537 142.69 157.27 
921 12.61 6.03 4,012,000 350,750 143.61 157.26 
922 12.38 6.00 3,168,750 283,262 137.84 156.75 
"A, 1 gm. of elemental sulfur used in the treatment. 
B, 4 gms. of sodium thiosulfate used in tlie treatment. 
Average R esults of Studies on Plot Soils 
The average results of all the tests on these soils are shown in table 6 
and the relations of the numbers of bacteria and molds to sulfur oxidation 
are shown in figure 1. From these data it appears that there was a correla-
tion between the sulfur oxidizing power of the soil and bacterial numbers 
present. In all the soils in each of the two groups of plots, with the excep-
tion of that in plot 914, there was a definite relation between bacterial 
numbers and the sulfate production. 
Comparing the two groups of plots, it will be noted that in general 
the crop residue treated soils produced more sulfate than the manured soils 
regardless of the larger bacterial numbers in the latter. The relative in-
creases in the amounts of sulfates produced in the soil from the crop residue 
plots did not correspond with an increase in the numbers of bacteria. This 
being the case, it would seem that the textural difference in the soils may 
possibly have played an important part in stimulating the sulfur oxidizing 
action of the organisms in the soil. 
Considering the relation of mold content to sulfate production in the 
soil, it is apparent that the numbers of molds did not run parallel with the 
amount of sulfates produced. In fact, the number of molds in the soil 
fluctuated with little regard to sulfate production. 
The results secured from the manured soils showed when any relation 
between the amount of sulfate produced and the number of molds was 
indicated, the relative number of bacteria in proportion to the number of 
molds was increased. In the crop residue treated soils, however, this rela-
tionship did not appear. 
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Fig. 1. A\"crage numbers of bacteria and molds and mgm. sulfur as sulfates 
The largest numbers of bacteria were found in the soil from plot 916. 
The largest numbers of molds appeared in the soil from plot 915, but the 
greatest sulfur oxidizing power was shown in the soil from plot 921. The 
check soil (912) was the lowest in numbers of organisms and in sulfur oxi-
dizing power. 
II. LABORATORY STUDIES ON SULFUR OXIDATION 
.k 1'he Influence of Calcimn Carbonate and Dextrose on Sitlfnr Oxidation 
This experiment was planned to determine the effect of calcium car-
bonate and dextrose on the sulfur oxidizing power of the soil. 
'fhe soil used in this experiment was secured from the manure, lime 
and superphosphate treated plot (916) . The soil was air-dried, sieved and 
treated with the materials as indicated in table 7. At the end of the incuba-
tion period, the amount of sulfur as sulfate was determined, using the 
photometric method. 'l'he results, calculated in milligrams of sulfur as 
sulfate in 100 grams of air-dry soil, are given in the table. 
Resitlts 
From the average figures of the duplicate treatments shown in table 7, 
it may be noted that there were significant variations in the amount of 
sulfate produced. 
'l'he tests using sodium thiosulfate showed that when dextrose was ap-
plied 115.25 mgm. of sulfur as sulfate were produced, while the soil without 
the dextrose produced 173.20 mgm. The dextrose, therefore, gave a decrease 
of 57 .95 mgm. There is certainly a definite retarding influence of dextrose 
on the oxidation of sulfur in the soil when tested with sodium thiosulfate. 
It may be noted that this observation is in accord with the conclusions of 
Brown (6) and Lipman and Joffe (30). These authors claim that dextrose 
prevents the rapid oxidation of sulfur in the soil. 
The soil which was treated with dextrose and calcium carbonate showed 
a production of 207.19 mgm. of sulfate or an increase of 91.94 mgm. over 
the 115.25 mgm. produced in the soil treated with dextrose alone. The dif-
ference in the amount of sulfates produced with these two different treat-
ments is certainly due to the influence of the addition of calcium carbonate 
on the sulfur oxidizing power of tl!e soil, or to its effect in overcoming the 
injurious influence of the dextrose. 
Lime, according to the findings of Brown and Johnson ( 10) and 
Neller (39) increased the sulfur oxidizing power of the soil. 
The results secured with the elemental sulfur were parallel with those 
obtained with sodium thiosulfate application, but the :figures were smaller. 
B. Inflitence of Sulfur and Lirne Applications on the Nitrifying Power 
of the Soil 
In the review of the literature it was noted that sulfur additions had 
been observed to cause a retarding influence on the nitrifying efficiency of 
the soil. This experiment was carried out in order to determine the effects, 
if any, of various additions of sulfur on the nitrifying power of the soil. 
It was also considered desirable, if it is true that sulfur applications exert 
a toxic effect on the nitrifying power of the soil, to determine whether or 
not the addition of lime would be of value in preventing the toxic action 
of sulfur. 
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TABLE 8. The effect of different amounts of sulfur with and without lime on the 
nitrifying power of the soil 
Lab. 30 mgm. N Treatment 
~.{gm. nitrogen as 
:N' 0 . (NH,),SO, Sulfur Calcium nitrate in 10 gmM. of air-dry soil gram carbonate 
Av. 
1 Check 
--··---·-······· ·-
6.88 
2 " 6.66 6.77 ····--············ ~ 30 mgm.N 
·················-
16.00 
4 " 15.40 15.70 .................. 5 " 0.025 10.50 ·- ···--·--------·-
6 " " 10.80 10.65 ------------------7 " 0.050 9.75 ------------------8 " " 9.52 9.64 ······ ··----------9 " 0.100 9.09 ·· ···· ······· ··---
10 " " 9.52 9.31 .................. 
11 " 0.500 8.69 .................. 12 " " 8.12 8.41 -----······· ··----13 " 1.000 7.84 ····-····---------
H " 
, 7.91 7.38 .................. 
15 ,, 2.000 6.66 ,., 
· -·-·· ···· ·· -· ···· 
" 6.89 6.78 ··············--·· 
17 " 0.025 210 mgm. 18.18 
18 " 
,, 
" 17.65 17.92 19 ,, 0.050 ,, 12.50 
20 
" " 12.10 12.30 
21 ,, 0.100 " 11.42 22 ,, " 
,, 11.77 11.60 
23 ,, 0.500 " 9.09 34 " 8.90 9.00 
~3 ,, 1.000 ,, 8.00 
26 ,, ,, 8.23 8.12 
27 ,, 2.000 ,, 7.69 
28 " " 
,, 7.25 7.47 
Using soil from plot 918 (crop residue plot) cultures were prepared 
in the same way as in the sulfur oxidation experiment. The treatments are 
shown in table 8. After the incubation period, which lasted for four weeks, 
the nitrogen as nitrate was determined colorimetrically by the use of the 
phenoldisulfonic acid method. The results, which are expressed in milli-
grams of nitrogen as nitrate in 100 grams of air-dry soil, are given in 
table 8. 
Results 
Considering the averages of the results of the duplicate determinations 
on all the samples, as shown in the table, it will be noted that the sulfur 
applications t ended to cause a depressing effect on the nitrifying power 
of the soil. 
It may also be observed that larger amounts of sulfur brought about 
greater decrease in nitrate production. Increasing the amount of the sulfur 
applications, however, did not seem to bring about a proportional decrease 
in the amount of nitrates produced. 
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The addition of sulfur to the soil, as pointed out by Martin ( 37), 
Neller ( 40) and Reimer and Tartar ( 43), leads to an increase in soil acidity 
caused by the oxidation of the sulfur to sulfuric acid. Lipman, McLean 
and Lint ( 33) also showed that the larger applications of sulfur caused a 
decided increase in the hydrogen ion concentration of the soil. The oxida-
tion of elemental sulfur in the soil, as shown by Ames and Richmond (2) 
and Brown ( 6), depressed the activities of nitrifying bacteria. 
If the suggestions of these authors are accepted, it would seem, there-
fore, that the decrease in the amount of nitrate produced, which indicates 
a retarded nitrifying power of the soil, may be attributed to the depressing 
effect of the acidity produced from the oxidation of the sulfur on the ac-
tivities of the nitrifying organisms. 
'fhe sulfur-lime treated soils were found to be generally higher in 
their nitrifying power, as evidenced by the greater amount of nitrate pro-
duced, than those in which sulfur was applied alone. It may be noted, how-
ever, that when the sulfur applications were increased, the amount of cal-
cium carbonate added had very little effect upon the rate of nitrate pro-
duction in the soil. The increase in the amount of nitrate produced was 
undoubtedly a result of the stimulating influence of calcium carbonate upon 
the activities of nitrifying organisms in the soil, or to a removal of injuri-
ous acidity. Brown ( 6) showed a definite influence of lime in reducing the 
injurious effects of additions of sulfur on the nitrifying bacteria. 
C. The Effect of the Vario1ts Amounts of S1tlf1lr on the Nitrifying and 
Sulfur Oxidizing Powers of the Soil 
In the previous experiment it was indicated that the oxidation of sul-
fur in the soil may limit the nitrifying process because of an increase in 
soil acidity. The following t est was planned to determine the relative in-
fluence of the application of various amounts of elemental sulfur, with and 
without the addition of lime, upon the nitrification and sulfur oxidation 
in the soil. 
In this study soil taken from plot 921 that has been treated with crop 
residues, lime and superphosphate was used. The cultures were prepared 
in the usual way and the various treatments were made. The cultures were 
each provided with 30 milligrams of nitrogen as ammonium phosphate and 
were incubated at room temperature for a period of five weeks at a moist-
ure content of 50 per cent saturation. 
After incubation, the hydrogen ion concentration of each of the soils 
was determined. 'fhe photometric method was employed for the sulfate 
determination and the phenoldisulfonic acid method was used in the deter-
mination of nitrates. The r esults are given in table 9. 
Results 
From the figures presented in table 9 it will be noted that increasing 
the sulfur applications brought about corresponding increases in the sulfate 
production and in the hydrogen ion concentration, which were not propor-
tional to the amounts of sulfur applied. 
TABLE 9. Tile effect of the varions a111ounts of sulfur with and wit1w11.t li1ne on the nitrifyim;,g and sulfur oxidizing powers of the soil 
Treatment c,c~ Increase Aver- Aver-in av. Mgm. sulfur as age sul- Mgm. nitrogen age Hydrogen ion* of pH sulfate in 100 fur oxi- as nitrate in nitrogen Concentrations values grams soil dized 100 gralllB soil oxidize-i Lab. (NH,),PO, Elemental 
No. 30 mgm. sulfur 210mgm. Av. P ctg. Av. Pctg. Av. Pctg. 
1 Check 
---------------- ---····-·· 
6.10 ........ Trace 
----···· 
6.34 
2 
" 6.06 6.08 " Trace 6.42 6.38 ........ ---------------· ···-···· ·· ........ ........ 3 (NH,),PO, 6.18 " 18.18 -··· · ··· -··-···· .......... -------- ---·----4 
" 6.00 6.09 " Trace 19.60 18.89 --······ -------------·-· .......... ······-· --------5 " 0.025 gm. 5.20 11.25 17.65 ··-···--·- . ....... ........ 6 " " 5.25 5.23 14.29 12.25 11.75 47.00 15.40 16.53 13.20 ----------7 " 0.050 gm. .......... 4.88 12.74 12.50 8 
" " 4.93 4.91 19.38 12.74 12.74 25.50 12.50 10.00 ········-· ---····-9 " 0.100 gm. ----·----- 4.38 19.20 10.50 10 " " 4.76 4.57 24.96 l9.25 19.23 19.23 9.75 10.13 8.10 --------·· 
11 " 0.500 gm. .......... 3.08 95.75 8.33 
12 " " 3.28 3.16 48.12 95.00 95.38 19.06 8.33 8.33 6.66 .......... 13 " 1.000 gm. 3.32 98.75 7.69 ···· ·-·-·· 14 " " 3.12 3.22 47.13 98.75 98.75 9.88 7.84 7.77 6.62 ------···· 15 " 2.000 gm. 3.18 120.63 7.14 .......... 
16 " " 3.17 3.18 47.78 123.75 122.19 6.11 7.06 7.10 5.68 .......... 17 " 0.025 gm. Ca CO, 6.36 17.35 20.00 
18 " " " 6.33 6.35 -.43 17.50 17.43 67.70 18.18 19.09 15.27 19 " 0.050 gm. " 6.23 19.00 16.60 20 " " " 6.23 6.23 -.23 19.25 19.13 36.25 16.00 16.30 13.04 
21 " 0.100 gm. " 5.93 15.40 22 
" " " 5.88 5.91 3.12 20.10 20.10 20.10 14.30 14.85 11.88 23 " 0.500 gm. " 5.85 100.00 12.50 
24 " " " 5.85 5.85 3.94 98.25 99.13 19.82 11.75 12.13 9.70 25 " 1.000 gm. " 5.25 136.00 9.75 
26 " " " 5.25 13.79 134.35 135.18 13.52 9.09 9.42 7.53 ---····-27 " 2.000 gm. " 4.58 140.35 8.33 28 " " " 4.33 4.45 26.93 123.00 131.68 6.58 8.30 8.32 6.65 
*Figures represent pH. 
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The rate of sulfur oxidation in the soil varied with the sulfur applica-
tions. It was found that sulfur oxidation occurred most vigorously and 
effic_iently when sulfur was added in the smallest amount; and where it was 
applied in the largest amount the relative amount of sulfur oxidized was 
the smallest ( 6.11 per cent). The results showed further that when 25 milli-
grams of elemental sulfur were used, 46 per cent was oxidized. The addi-
tion of 100 and 500 milligrams. of sulfur to the soil brought about a much 
smaller percentage oxidized, but a similar amount for the two additions 
(19.23 and 19.06 per cent, respectively). A further increase in the sulfur 
application caused a marked decrease in the rate of oxidation. When one 
and two grams of sulfur were added, the relative amounts oxidized did not 
vary materially. 
Prom the results it seems evident that while the soil showed a definite 
sulfur oxidizing efficiency, the sulfur oxidation seemed to reach a maximum 
with certain amounts of sulfur, and when this point was reached, a further 
addition depressed the sulfur oxidizing power of the soil. 
While the process of nitrification in the soil occurred in spite of tlw 
increasing development of soil acidity brought about by the sulfur oxida-
tion, it decreased gradually as sulfur oxidation and soil acidity increased. 
The most favorable condition for nitrification was found when sulfur was 
added in the smallest amount. 'fhere was a gradual decrease in the amount 
of nitrate produced as the amount of sulfur added was increased. 
The addition of calcium carbonate not only stimulated the oxidation of 
sulfur in the soil, but also tended to reduce the depressing influence of the 
acidity on the nitrification process. 
DISOUSSION AND SUMMARY 
In this work studies have been made on sulfur oxidation, the numbers 
of bacteria and molds, the reaction and the moisture content in soil from 
plots variously treated. 
The data in table 1 indicated that bacterial numbers varied with the 
soil treatments. 'fhe occurrence of bacteria in the soil was also influenced 
by seasonal conditions. 
Comparing the two groups of plots, the manured and the crop residue 
plots, it appears that there was a greater number of bacteria in the manured 
soils than in the crop residue treated soils. The results seemed to indicate 
that the manure increased the bacterial numbers more than did the crop 
residue treatment. 
A study of the data presented in table 2 shows that the soil treatments 
and the seasonal conditions did not seem to have a significant influence on 
the mold occurrence in the soil. 
When a comparison is made of the mold and the bacterial counts se-
cured from each of the manured soils, it is found that there was some rela-
tion between the development of these two groups of organisms. 
The data given in tables 3 and 4 indicate that the moisture content of 
the soils exerted a greater influence on the bacteria than it did on the molds. 
The hydrogen ion concentration of the soils studied did not show a definite 
influence on either the molds or the bacteria. 
The results of the sulfur oxidation studies show that the soils had a 
definite sulfur oxidizing efficiency. 
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Comparing the results on the manured and the crop residue treated 
soils, it may be noted that there was greater oxidation of sulfur in the soils 
treated with the crop residues than in those receiving manure, although the 
latter had greater numbers of bacteria. This difference has been attributed 
in part, at least, to the textural condition of the soils. It may be seen also 
that the numbers of molds did not run parallel with the amount of sulfates 
produced. Nevertheless, a greater sulfur oxidizing power of the soil was ob-
served when the phosphate materials were added. In both groups of plots, 
it was found that the rock phosphate had somewhat less effect than the 
superphosphate; the difference, however, was not pronounced. 
A definite correlation between the numbers of molds and bacteria and 
the sulfate production has also been shown. In the manured plots it was 
found that increases in the sulfate production were accompanied by in-
creases in the numbers of bacteria. 'fhe numbers of molds did not increase 
with sulfate production, however. Dextrose was found to have a retarding 
influence on sulfur oxidation in the soil. Lime, when added to the soil, in-
creased the sulfur oxidizing power ~nd reduced the retardation brought 
about by the dextrose. 
The nitrifying power of the soil was found to be appreciably depressed 
by the addition of sulfur. Greater decreases in the nitrate production oc-
curred with the larger sulfur applications. The addition of sulfur increased 
the acidity of the soil and this re(arded the nitrification process. 
The rate of sulfur oxidation in the soil varied with the amounts of sul-
fur added. A marked decrease in the rate of sulfur oxidation was brought 
about by too large an addition of sulfur. 
CONCLUSIONS 
1. The soils studied showed a definite sulfur oxidizing efficiency which 
varied with the different soil treatments. 
a. Manure treatments appeared to cause a slight increase in sulfur 
oxidation. 
b. Lime applications apparently brought about a small increase in the 
sulfur oxidizing efficiency of the soil. 
c. The phosphate treatments caused a still greater increase in the sulfur 
oxidizing power of the soil; superphosphate seemed to be slightly 
more effective than rock phosphate. 
2. A correlation was found between the sulfur oxidizing power of the soils 
and the numbers of bacteria present. 
3. The numbers of molds in the soils were not correlated with the sulfate 
production. 
4. Dextrose, when added to the soils, retarded the process of sulfur oxi-
dation. 
5. The rate of sulfur oxidation in the soil was influenced by the various 
amounts of sulfur added in the tests. 
6. Sulfur oxidation was most vigorous in the presence of the smallest 
sulfur applications. 
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7. The application of sulfur to the soil brought about an increased hydro-
gen ion concentration. 
8. The addition of sulfur retarded the process of nitrification. The highest 
concentrations of sulfur used did not inhibit the process. 
9. Lime not only increased the sulfur oxidizing power of the soil, but also 
tended to decrease the injurious effect of dextrose on sulfur oxidation. 
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Bacillus calidolactis was originally isolated at the Iowa Agricultural 
Experiment Station ( 3) from skimmilk supplied by a milk plant in the 
state. This plant was pasteurizing surplus skimmilk at 71° to 77° C. and 
holding it hot in a wooden tank until it could be handled by the drying 
equipment; occasionally, milk in the wooden tank coagulated and since the 
t emperature in the tank fell slowly, because of the large volumes of milk and 
the slow heat transfer, the coagulation occurred when the milk was still at 
a comparatively high temperature. B. calidolactis was isolated from pas-
teurized skimmilk taken from the tank while still in a normal condition and 
shipped in ice to the laboratory. Milk was transferred aseptically from the 
shipping containers to sterile t est tubes and held in an incubator at 71° C. 
Coagulation occurred in about eiO'hteen hours and the responsible organism 
was readily isolated by smearing the milk on slopes of beef extract agar 
containing one per cent glucose. 
The original description of B. calidolactis was published as a result of 
the study of cultures from only one source because it appeared that the 
organism might be of considerable importance in dairy products, and ac-
cordingly an immediate description was desirable. In an investigation of 
thermophilic and thermoduric organisms from various sources, Prickett 
( 4) secured a number of cultures from pasteurized milk and from milk 
powder that he identified as B. calidolactis. 
Cultures of B· calidolactis were recently secured from two additional 
sources, and were studied in order to (a) check and enlarge the description 
and (b) secure additional information on the changes produced in milk. 
Comparisons were made with two cultures representing the original isola-
tion of B. calidolactis. 
SOURCES OF ORGANISMS 
Source 1. A number of cans of evaporated milk were received from a 
condensery having trouble with a peculiar type of coagulation. Three cans 
that showed little evidence of coagulation on shaking were held at 50° C. 
and two of them coagulated in a few days while the third did not. Both 
cans of coagulated milk readily yielded an organism, in what appeared to 
be a pure culture, when small amounts of milk were transferred to beef 
infusion agar slopes and the slopes held at 50° C. The organisms from the 
two cans seemed to be identical. They rapidly coagulated tubes of litmus 
milk at 50° C., but failed to grow at 37° C., either on beef infusion agar 
slopes or in litmus milk. Because of their thermophilic character, it was 
evident the organisms were unrelated to the difficulty experienced at the 
condensery. A culture from each can was studied. 
'General Paper No. B3 of the Iowa Agricultural Experiment Station. 
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Source 2. Cans of coagulated evaporated milk were received from a 
condensery that reported rapid coagulation of cans of milk held at 54.4° C., 
while no such change occurred in cans held at 37° C. Organisms were easily 
isolated from the coagulated material when it was cultured on beef infusion 
agar slopes and the slopes incubated at 55° C. Litmus milk inoculated with 
the coagulated material rapidly coagulated when incubated at 55° C. There 
was no growth either on agar slopes or in litmus milk cultures incubated at 
37° C. The cultures studied came from four cans of coagulated milk repre-
senting the output of four days; they appeared to be identical. 
ACTION OF B. CALIDOLACTIS IN MILK 
GENERAL ACTION 
B. calidolactis rapidly coagulates milk at 55° C. through the formation 
of acid; tubes of milk inoculated in the usual way are commonly curdled in 
from sixteen to twenty hours, although longer periods are occasionally re-
quired. When litmus is present it is quite rapidly reduced except in the 
top portion, where a pink layer remains; at 55° C. the color rapidly returns 
to the reduced portion. Ordinarily there is no evidence of digestion, al-
though occasionally a culture shows some whey. The results of the amino 
and soluble nitrogen determination indicate that a slight proteolysis occurs. 
The general type of change produced by B. calidolactis in litmus milk 
at 55° C. closely resembles that produced by Streptococcus lactis or Lacto-
bacill,1is bulgaric1ts at. a somewhat lower temperature. 
TOTAL ACID PRODUCTION 
The total acid produced in skimmilk was determined by titrating cul-
tures grown for three days at 55° C., using phenolphthalein as an indicator, 
and calculating as lactic acid. The acidities found ranged from 0.47 to 0.53 
per cent. The skimmilk was firmly curdled in all cases; the firm curd at 
the low acidities was presumably caused by the combined effect of acid and 
high temperature. · 
TYPE OF NON·VOLATILE ACID PRODUCED 
The type of non-volatile acid produced in milk by each of the strains 
was investigated by preparing zinc salts, using the method outlined by 
Hammer (1), and examining these. The percentages of ZnO in the salts 
agreed with the theoretical for zinc lactate and the moisture values indi-
cated that the lactates were entirely or very largely the salts of active acid. 
'fhe 1 rotation of the salts showed the acids were of the d type. The general 
results indicate that B. calidolactis produces d lactic acid and this is in 
agreement with the results presented in the original description of B. cali-
rlolactis ( 3) . 
VOLATILE ACID PRODUCTION 
The volatile acid production in skimmilk cultures grown for three days 
at 55° C. was studied with the procedure used by Hammer and Bailey (2); 
this consists of distilling a 250-gram portion with steam after the addition 
of 15 ml. of approximately n/1 H2S04, and expressing the volatile acidity 
as the number of milliliters of n/10 NaOH required to neutralize the first 
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1,000 ml. of distillate, using phenolphthalein as an indicator. The volatile 
acidities found ranged from 6.0 to 10.0 and showed that B. calidolactis 
produces comparatively little volatile acid. No attempt as made to deter-
mine the type of volatile acid because of the small amount formed. 
ACTION ON NITROGENOUS CONSTITUENTS OF MILK 
The action on the nitrogenous constituents of milk was determined as 
follows: Skimmilk in 200 ml. quantities was sterilized in pint milk bottles 
and after cooling was inoculated with the strains to be studied. After incu-
bating for one week at 55° C. the bottles of milk were made up to weight 
(as determined before sterilizing) by the addition of distilled water. One 
ml. of glacial acetic acid was then added to each bottle and the bottles 
were heated to 60° C., with frequent shaking, cooled and the contents fil-
tered through paper. Total amounts of soluble nitrogen and amino nitro-
gen were determined on the whey. In general, there were small increases in 
both the total soluble nitrogen and the amino nitrogen in the skimmilk in 
which the organism had grown, but these increases varied considerably with 
the different cultures. 
ACTION OF B. CALIDOLACTIS IN EVAPORATED MILK 
>' 
Since B. calidolactis was found in evaporated milk from different con-
denseries, the general action of the organism on evaporated milk was 
studied. The various strains were inoculated into normal cans by covering 
a small area on the end of a can with cone. HCl, flooding the area with 
solder, punching a hole in the center of the area with a nail which had been 
heated to redness and cooled and then adding the culture; after inocula-
tion the can was immediately resealed with solder and shaken thoroughly 
to distribute the organisms. 
GENERAL ACTION 
The cultures inoculated into cans of evaporated milk regularly brought 
about rapid coagulation at 55° C., but at 37° C. no change occurred. The 
coagulated milk had a distinctly acid and slightly cheesy odor and flavor. 
NUMBERS OF ORGANIMS IN COAGUI,ATED EVAPORATED MILK 
In one trial in which the inoculations of cans of evaporated milk were 
made in duplicate, examinations were carried out after two days and after 
five days at 55° C. for the general numbers of organisms present. Because 
of the difficulty with which the organisms developed on agar and the rapid 
drying of plates at 55° C., the various dilutions were inoculated into tubes 
of litmus milk rather than into plates. With this procedure the presence 
of the organisms could be detected after incubation and the general num-
bers present per milliliter calculated. The data showed that with two days' 
incubation B. calidolactis was usually present in 1-100,000 ml. but not in 
1-1,000,000 ml., while after five days' incubation it was usually present in 
1-10,000ml, but not in 1-100,000 ml. These results suggest that the organ-
ims are not present in large numbers in evaporated milk incubated at 55° 
C. and that a decrease soon begins. Microscopic examinations also showed 
that the numbers of organisms present were not large. 
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TOTAL ACID PRODUCTION 
A number of the cans of inoculated evaporated milk which had been 
incubated seven days at 55° C. were titrated for total acid, using phenol-
phthalein as an indicator and calculating as lactic acid. The acidities found 
varied from 0.67 to 0·74 per cent. Both the normal and the curdled milk were 
brown and titrations were difficult. 
DESCRIPTION OF B. CALIDOLACTIS 
MORPHOLOGY (Cultures grown at 55°C.) 
Form and size-Rods; 0.7 to 1.4 by 4.2 to 7 .0 microns when grown about 
18 hours in litmus milk. 
Arrangement-Singly and in pairs when grown in milk. 
Motility-Motility was not observed and flagella could not be demonstrated. 
Staining-The cells stained readily and were gram positive in young cul-
tures, while in old cultures many cells were gram negative. 
Spore formation- Oval, terminal spores were present in milk cultures after 
18 hours incubation; the cells were swollen by the spores. Ordinarily 
spores were numerous in milk cultures incubated 18 hours or more. 
CULTURAL CHARACTERISTICS (Cultures grown at 55°C. ) 
Agar slope-Growth on standard agar was very scanty and with some cul-
tures was absent. On standard agar containing glucose small, round, 
flat, grey, glistening colonies developed. The edges varied with differ-
ent strains from smooth to curled. 
Agar stab-In standard agar stabs growth was questionable or extremely 
scanty, while in standard agar containing glucose a very scanty beaded 
growth developed. 
Gelatin-Gelatin was not liquefied. 
Potato--No growth. 
Carrot- No growth. 
Litmus milk-The action in litmus milk was quite characteristic. The milk 
was coagulated and the litmus was reduced except for a pink band at 
the surface. Occasionally some whey was evident. 
Bouillon- Growth was scanty or absent in plain bouillon and in bouillons 
containing substances which the strains were not capable of ferment-
ing. When fermentable substances were present there was a faint tur-
bidity which quickly cleared, leaving a slight sediment. 
BIOCHEMICAI,, FEATURES (Cultures grown o.t 55° C. ) 
Gas formation- Gas formation was not observed. 
Indol- Indol was not formed in tryptophane broth; a few of the strains 
would not grow in this medium. 
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Ammonia-Ammonia was formed. 
Nitrates-Some strains reduced nitrates to nitrites in 24 hours, while others 
did not, even with extended incubation. 
Acetylmethylcarbinol from glncose-Acetylmethylcarbinol was not formed 
from glucose. 
Fermenting power-All the strains formed acid but no gas from galactose, 
glucose, levulose, lactose, maltose, raffinose and dextrin, and failed to 
ferment adonitol, inositol, dulcitol, mannitol, sorbitol and inulin; the 
production of acid from glycerol, sucrose, salicin and starch was vari-
able with the different strains. 
GROWTH CONDITIONS 
Oxygen relationship-Facultative; grew well aerobically. 
'l'emperature relationship-Growth was rapid at from 55° to 60° C.; no 
growth was observed at 37° C. or lower. 
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THE REACTION OF CUCUMBERS TO TYPES OF MOSAIC1 
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Cucumber mosaic was probably recognized as early as 1902, but it 
was not until 1916 that Doolittle (9) and Jagger (25), working independ-
ently, established definite proof that it was a transmissible virus disease. 
Since that time, mosaic has come to be regarded as one of the most de-
structive diseases of the cucumber. The host range, overwintering hosts and 
methods of dissemination of the disease, have been determined by Doolittle 
and Gilbert ( 10), Doolittle ( 11, 12) and Doolittle and Walker ( 14) . Their 
investigations resulted in efforts to control mosaic, by field roguing of wild 
hosts, and spraying to control insect vectors. Unfortunately these methods 
have failed in actual practice and mosaic has continued to be one of the 
primary limiting factors in cucumber production in the United States. 
The problem of control becomes complex because of the ease with which 
many plant viruses are transmitted, and the ability of certain viruses to 
live on unrelated perennial hosts. Obviously, the discovery or production of 
a crop variety resistant to a specific virus offers the most satisfactory con-
trol measure. 
Reddick and Stewart ( 40) found that the bean varieties White Mar-
row and Robust were highly resistant to bean mosaic. Folsom (22) stated 
that the potato variety Irish Cobbler remained free from mosaic in con-
trast to the varieties Green Mountain and Bliss Triumph, and Murphy 
( 33) found eight varieties of potatoes in Ireland that were resistant to 
mosaic. Brandes ( 4) was the first to find mosaic on sugar cane in the United 
States. He isolated a number of varieties which remained free from mosaic 
in the midst of heavily infested areas. In 1924, Brandes ( 5) classified 
varieties of sugar cane as immune, resistant and tolerant. Edgerton ( 15) 
isolated a resistant variety '' L 511'' by selection and propagation of disease 
free plants, and Rands and Sherwood ( 39) found that they could isolate 
resistant strains of sugar cane by mass selection. Carsner ( 8) in 1926 found 
that one strain of sugar beets was considerably less injured by curly top 
than any other he used and he concluded that the development of a highly 
resistant strain of sugar beets was feasible. Smith ( 42) succeeded in hybrid-
izing a variety of Manchuria spinach highly resistant to mosaic with the 
variety Savoy and produced the resistant variety called Virginia Savoy. 
In the summer of 1925 and again in 1926 the writer, while engaged in 
phytopathological work in China, observed that the cucumber variety 
1A thesis submitted to the Graduate Faculty of Iowa State College in pa1-tial ful-
fillment of the requirements for the degree of Doctor of Philosophy. 
2The wi·iter wishes to expres1.1 his appreciation to Dr. I. E. Melhus, under whose 
direction the study was carried on, fo1· his helpful advice and criticism, to Dr. J. C. 
Gilman for his critical reading of the manuscript, to Dr. E. W. Lindstrom for helpful 
suggestions on the breeding aspects an·i finally to Messrs. E. M. Summers, John Leedy, 
M. H. Berberian and M. E. Yount for aid in growing the plants and in making some 
of the inoculations. 
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Chinese Long was free from mosaic. This condition seemed significant, 
since several varieties of pumpkins and squashes growing in the same gar-
dens with cucumbers were commonly infected. Seed of this variety of cucum-
bers was sent to Dr. 0. H. Elmer at Ames, Iowa, in 1926. He grew plants, 
inoculated them with cucumber mosaic virus, and the following year re 
ported (20) that they were resistant to the disease. In the spring of 1927, 
the writer returned to Iowa State College and began a further study of 
the reaction of this variety to the mosaic disease. 
This investigation includes a report of (1) the expression of the "white 
pickle" virus in the cucumber variety Chinese Long and in inbred lines 
within this variety; ( 2) the existence of types of cucumber mosaic; and ( 3) 
the reaction to the "white pickle" virus of the progenies from cucumber 
hybrids involving resistant and susceptible parent stocks. 
METHODS 
All of the plants used for study were grown in the greenhouse, first in 
two-inch pots, later transferred to four- or five-inch pots and again to six-
or eight-inch pots, depending on the length of time the plants were to be 
kept. In some cases the plants were transplanted into greenhouse benches 
and kept until the fruits were ripe. An effort was made to use for experi-
ment only those plants which were in a vigorous growing condition. This 
is especially important when working with cucumbers because few plants 
are more sensitive to environmental conditions. Extremes of temperature, 
moisture or light will affect the plants so adversely that symptoms of 
mosaic may be masked or more commonly the plants will not become in-
fected. The plants were kept in one of two rooms in the greenhouse with 
air temperatures between 75° and 85°F., except in the summer months, 
and although they were not covered to prevent insect visitation, an effort 
was made to keep them free from insects by fumigating frequently and by 
spraying when necessary. It is significant that in the four-year period cov-
ered by these studies, chance infection was seldom observed. 
The plants were not given the first inoculation until at least the third 
or fourth leaf above the cotyledons had appeared. Subsequent inoculations 
were made as desired. The method of inoculation most commonly used was 
the one described by Elmer ( 19) in which strips of paper toweling were 
employed to hold the leaf receiving the inoculum so that the hands never 
1 ouched the plants. The leaves were puncturd with a sterile needle through 
a drop of the inoculum prepared by grinding diseased tissue mixed with 
quartz sand in a sterile mortar. Either sterile or tap water was used to mix 
with the macerated tissue. Punctures were made in two places: (1) at the 
base of the leaf near the petiole attachment, and (2) in the petiole. From 
15 to 25 stabs were made at each locus. In some cases sterile cheese cloth 
dipped in the virus culture was rubbed lightly over the leaves. 
In all tests to determine the resistance of cucumbers to mosaic, the 
"white pickle mosaic virus" was used as the inoculum. This virus has been 
named (Cucumber virus 1) by Johnson (29). For most of the tests in 
1927, the source of the inoculum was a columbine plant (Aquilegia cana-
densis L.) supplied by Elmer. In October this plant died because of a root 
rot and it was necessary to use the virus collected during the summer on 
Asclepias syriaca L. near Conesville, Iowa, as the source of the inoculum. 
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This virus was used until December, 1928, when greenhouse studies were 
suspended until the following spring. In May, 1929, more plants of Asclepias 
syriaca infected with mosaic were found at Ames, Iowa, and these furnished 
the source of the inoculum in all subsequent studies unless otherwise stated. 
Most of the inoculation trials were made on cucumber plants of the 
varieties Arlington Improved White Spine, Chicago Special and Chinese 
Long. In addition, a number of selfed lines were produced and their re-
action to mosaic was tested along with plants from open-pollinated fruits. 
The terms WS-1 and CL-1 were used to designate inbred lines within the 
varieties White Spine and Chinese Long, respectively. 
COMPARATIVE RESISTANCE OF 'fHE VARIETIES CHINESE LONG, WHITE 
SPINE AND CHICAGO SPECIAL TO ''WHITE PICKLE MOSAIC'' 
Elmer (20) in 1926 conducted the first inoculation trials with plants 
of the variety Chinese Long. He inoculated 50 plants each of the Chinese 
Long and White Spine varieties with the virus of "white pickle mosaic." 
None of the former but all of the latter plants became infected with mosaic. 
In the field trials Elmer planted five six-rod rows of the Chinese Long and 
transferred aphids to them from mosaic cantaloupe plants, but secured no 
infection. 
On July 11, 1927, the writer inoculated 140 Chinese Long plants and 
42 White Spine plants with mosaic virus from Aquilegia canadensis. On 
July 21, all of these plants were transplanted to the field and observed dur-
ing the summer. Thirty of the White Spine plants showed mosaic, but 
none of the Chinese Long plants developed any symptoms. Two and one-
half rows, each sixteen rods long, of Chinese Long plants were carefully 
observed until frost in the fall. None of the plants developed any symptoms 
of mosaic, whereas, several rows of White Spine plants in the same field 
showed an incidence of at least 50 per cent infection. On October 15, inocu-
lations were made into 22 Chinese Long plants, but none developed mosaic. 
An additional 150 Chinese Long plants, 10 Crookneck squash plants and 4 
White Spine plants were inoculated with mosaic virus on October 29. By No-
vember 14 two of the squash plants had developed mosaic, but all of the 
Chinese Long and White Spine plants remained free. On December 14, 25 
Chinese Long plants were inoculated with virus from a squash plant which 
had been inoculated from a mosaic milkweed. Four squash plants were 
inoculated as checks and two of them became infected. All of the Chinese 
Long plants remained healthy. 
The inoculation trials with Chinese Long plants during 1926 and 1927 
gave rather strong indications that this variety was resistant to mosaic. 
However, the number of tests made had not been sufficient to establish this 
fact completely. Furthermore, the possibility of masking in this variety 
was considered an important question and attempts were made to answer it· 
EXPERIMENTS IN 1928 
The r esults of all inoculation trials in 1928 with the variety Chinese 
Lon~ were summarized and are presented in table 1. The tests included not 
only plants grown from seed of open pollinated fruits, but also plants from 
fruits in which self-fertilization had been practiced for one or two genera-
tions. These experiments disclosed the fact that an occasional Chinese Long 
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TABLE 1. Reaction of cumimber plants to the viT'US of "white pickle mosaic" 
(Cucumber virus 1} 19£8 
Source of virus Plants inoculated Date 
Crookneck squash Chinese Long Mar. 
" X251 " 
" Chinese Long " 
" X251 " 
" Crookneck equash " 
-- Ten checks 
" Crookneck squash Chinese Long 
" 
" Crookneck squaah " 
" Chicago Special " 
" Chinese Long Apr. 
" Chicago Special " 
" X25' " 
" Chinese Long " 
" Chicago Special " 
" Crookneck squash " 
-- Ten checks 
" Crookneck squash Chinese Long 
" 
" Chicago Special " 
" Chinese Long " 
" Chicago Special " 
White Spine CLll-1 June 
" CL4-l " 
" Chinese Long " 
" White Spine " 
-- Ten checks " White Spine Chinese Long July 
" Chicago Special " 
" Chinese Long " 
" White Spine " 
" Chinese Long Aug. ,, Chicago Special " 
" CL8-l " 
" CL2-2 " 
" CLl-1 " 
" CLll-1 " 
" CL20-2 " 
" 
CL6-l-2 
" 
" CL2-l-4 " 
" CL41 " 
" CL6-l 
,, 
" CL5-l " 
" Chicago Special " l'en checks " 
'F, from WS x CL. 
2Plants diei apparently from mosaic. 
'One plant showed symptoms Aug. 16. 
'Two plants showed symptoms Aug. 12. 
2 
2 
9 
9 
9 
9 
19 
19 
19 
4 
4 
4 
5 
5 
5 
5 
21 
21 
27 
4 
23 
23 
23 
23 
23 
30 
30 
30 
30 
20 
20 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
Total Total 
Datesymp- plants plants 
toms ap- inocu- in-
peared lated fected 
Not recorded 20 1 
" 29 8 
-- 15 0 
Not reco1·ded 4 2 
" 3 1 
" 0 0 Mar. 26 25 5 
" 23 6 1 
" 23 5 4 Not recorcled 11 2 
" 
21 16 
" 
20 10 
-- 10 0 
Not recorcled 10 6 
-- 10 0 
-- 0 0 
-- 120 0 
Not recorded 20 7 
May 15 40 1 
" 
5 13 9 
July 7 -- 7 -· · 2 
,, 7 8 4 
" 
10 30 6 
" 
1 26 15 
- - 0 1 
- - 9 0 
Aug. 6 10 6 
" 
12 20 5 
" 8 20 15 
-- 10 0 
Aug. 28 10 8 
-- 10 0 
Aug. 12 2' 2 
" 
12 15 2 
" 28 6 2 
-- 10 0 
- - 10 0 
Aug. 28 10' 2 
" 
28 10 6 
" 
18 10 1 
" 
15 10 5 
" 12 5• 4 
-- 0 0 
plant was susceptible to mosaic. The first instance of this condition was 
discovered in March, 1928. On March 2, 20 Chinese Long plants and 29 Fi 
plants resulting from a cross of Chinese Long x White Spine were inocu-
lated with mosaic. Eight of the Fi plants developed mosaic and one Chinese 
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Long plant showed a slight mottling resembling mosaic. This plant was saved 
for further study. On March 19, inoculations were made to 25 Chinese 
Long plants. On March 25, one of these plants developed mottling typical 
of mosaic and four more showed attenuated symptoms the following day. 
Of the checks, six out of eleven developed mosaic four days following the 
inoculation. 
The next instance of mosaic symptoms on the variety Chinese Long 
occurred following the inoculation on April 4, of 11 plants, together with 
21 Chicago Special and 20 Fi plants. Sixteen of the Chicago Special and 
10 of the Fi plants developed mosaic and two Chinese Long plants were 
suspected, but in a few days they recovered, as evidenced by normal growth 
of healthy leaves. On April 27, 40 Chinese Long plants were inoculated and 
one showed typical mottling on May 15. This made a total of nine plants 
of this variety which had showed faint or prominent mosaic symptoms, but 
this condition was detected only after more than 800 plants had been sub-
jected to mosaic by artificial inoculation. A further dicussion of this con-
dition will be taken up later. 
Additional tests during the summer and fall included selfed lines and 
plants from open pollinated fruits of the variety Chinese Long. In most 
cases, as shown by table 1, this variety continued to exhibit a high degree 
of resistance to mosaic. r 
A summary of the results secured in 1928 show that out of a total of 
494 plants, representing mass selected and self-fertilized fruits of the va-
riety Chinese Long, 46 became infected with mosaic. This is equal to 9.3 
per cent. At the same time, a total of 209 plants, representing susceptible 
varieties, were inoculaed and 112 or 53.6 per cent became infected with 
mosaic. 
Inbreeding within the variety Chinese Long resulted in the production 
of three lines: CL6-1-2, CL8-1 and CL20-2, which remained free from mo-
saic, but the same process produced several lines that were moderately 
susceptible. Line CL4-1 in two tests showed 55.5 per cent, CL5-1 showed 
50 per cent, and CLll-1 showed 30.8 per cent mosaic-infected plants. The 
response of these plants was such that the term, tolerant, is more descrip-
tive than susceptible. In a later section it will be shown that this peculiar 
response was typical of Chinese Long plants which developed symptoms of 
mosaic. 
RESUL'fS OF TESTS IN i929 
As stated earlier in this paper, the source of the mosaic virus used in 
1929 was a mosaic milkweed plant, Asclepias syriaca, found in the plots at 
Ames, Iowa. The results of all of the tests in 1929 are presented in table 2, 
in which inbred lines as well as open pollinated strains were subjected to 
inoculation with the cucumber mosaic virus. The data in tables 1 and 2 
show that some of the selfed lines of the variety Chinese Long did not 
react in the same way to the virus used in 1929 as they did in 1928. For ex-
am,ple, in 1928 lines CLll, CL4, CL2, CLl and CL5 all were susceptible, 
whereas in 1929 the first four lines remained free from mosaic following 
inoculation. Line CL5 was not included in the 1929 test. One line, CL16-1, 
showed susceptibility in 1929, three out of 16 plants developing slight 
symptoms, although even in this case there was some question that the 
effect was caused by mosaic. One out of ten Chinese Long plants inoculated 
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on June 22 developed typical mosaic symptoms July 3. The results of the 
tests made in 1929 show that out of 150 plants of the variety Chinese Long, 
representing seven inbred lines and three open pollinated lots, four became 
infected with mosaic. In contrast to this, 36 plants of susceptible strains 
were inoculated and 29 or 80.6 per cent of them became infected. 
TABLE 2. Reaction of cucwrnber plants to the virus of " white pickle mosaic" 
(Ciwumber virns 1} 1929 
Date 
Souree of >irns Plan ts inoculated D:i.to symptoms 
appeared 
M:ilkw<:ed Chinese Long June 22 July 3 
" WS7-1-1 " 22 June 26 
" CJJll-1-1 " 22 --
" X25' " 22 July 3 White Spine CL20-1-2 " 25 --Ten checks " 25 --White Spine CL2-2-1 " 25 --
" CL4-l-1 " 25 --
" CLl-1-2 " 25 --
" Chinese Long " 25 --
" CL2-2-1-1 " 25 --
" CLS-1-1 " 25 --
" CLll-1-1 " 25 --
" White Spine " 22 July 3 
" 
CL16-1 
" 25 " 8 
" 
CL16-1 
" 
29 --
" White Spine " 29 July 3 
" 
CL4-1-1 
" 29 --
" 
WS7-1-1 Sept. 3 Sept. 16 
" Chinese Long " 3 --
" CLS-1-1 " 3 --
" WS5-1-2 " 3 Sept. 16 
" 
White Spine " 3 " 16 
" 
CL4-1-1 
" 3 --Five checks " 3 --
'F, hybrid of CL x WS. 
'Six plants showed symptoms June 26 and two June 29_ 
3Two plants showed symptoms June 29. 
•Three plants showed symptoms Sept. 9. 
'f-0tal Total 
plants plants 
inocu- in-
lated fected 
~-
10 1 
5 5 
4 0 
10' 10 
12 0 
0 0 
19 0 
16 0 
22 0 
3 0 
2 0 
12 0 
10 0 
10' 5 
16 3 
6 0 
6 6 
3 0 
5'' 4 
5 0 
5 0 
5 1 
5 3 
5 0 
0 0 
CROSS INOCULATION FROM PLANTS OF THE VARIETY CHINESE LONG ON 
SUSCEPTIBLE CUCUMBERS 
The development of mosaic symptoms on an occasional plant of the va-
riety Chinese Long suggested the possibility of the symptoms being masked. 
Five plants which had been inoculated on March 19, 1928, showed mosaic 
symptoms on March 29. From each of these, cross inoculations were made 
to five plants of the variety Chicago Special. In two cases, two plants out 
of the five developed mosaic with attenuated symptoms. From two of these 
infected plants, transfers were made on April 21 to nine Chicago 
Special plants, of which six developed typical mosaic. During the summer 
of 1928, additional experiments were conducted, the results of which are 
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presented in table 3. It is evident from the results in this table that cucum-
ber plants of the variety Chinese Long which developed mosaic symptoms 
carried the virus. A total of 17 plants in these tests showed faint to promi-
nent mottling and transfers were successfully made from 12 of them to 
cucumbers known to be susceptible. Unsuccessful transfers may have been 
partially due to poor growth of the plants subsequent to the inoculation. 
TABLE 3. Cross inoculati011s to known susceptible hosts from Chilnese Long ciwumber 
plants which had developed mosaic S1Jmptoms, 1928 
Total Total 
Transfers Number Da.te first Date first plants plants 
inocu· inocu- symptoms inocu- in-
From To lated lated appeared lated fected 
CL4-2 Chim go Special 5 July 9 July 13 5 2 
CLll-2 
" 5 " 9 " 13 5 2 CLll-2-1 " 5 " 19 Aug. 6 5 3 CL4-l 
" 5 " 13 - 5 - 1 CLll-1 White Spine 5 " 13 - 5 -· CL33 Chicago Special 3 Aug. 16 Aug. 28 3 3 
CL33 " 3 " 23 " 28 3 3 CL34 
" 3,... " 14 " 28 3 3 CL35 
" 
3 " 14 " 28 3 1 CL35 
" 3 " 23 Sept. 12 3 3 CL36 " 3 " 14 " 28 3 2 CL37 " 3 " 14 Aug. 28 3 2 
-- Ten checks - -- -- 0 0 
'Plants grew poorly. 
'CLll-1 •iid not show distinct mottling. 
While evidence was being accumulated to show that plants which de-
veloped mosaic symptoms were actually infected with the mosaic virus, 
it seemed advisable to learn whether inoculated plants which, to all out-
ward appearance were free, in reality were carriers of mosaic. Nishimurn 
(34) has shown that Physalis alkekengi L. may carry the virus of tobacco 
mosaic without showing any symptoms, and Melhus (31) found that egg 
plant (Solaniim nielongena L.) recovered from mosaic symptoms after the 
plants had passed the seedling stage. Brierly ( 6) and V erwoerd ( 43) found 
that tomato plants recovered from mosaic. 
In 1928, 1929 and 1930 series of tests were conducted, using as the 
ource of the inoculum Chinese Long plants,. which, following inoculation, 
showed no symptoms. In the first trials 13 plants were used and from only 
one was the mosaic disease successfully transferred. In May, 1930, 20 
plants consisting of ten each from the lines CL8-1-1 and CLll-1 were 
planted in eight-inch pots and inoculated three times with mosaic virus at 
intervals of one week. After the third inoculation, transfers were made 
from each one of them to two plants of the variety White Spine. From twc 
plants of CL8-1-1 and three of CLll-1 mosaic was successfully transferred, 
although no symptoms were observed on any of them. These plants may be 
considered as mosaic carriers. The remainder of the set were apparently 
s::> highly resistant that the virus was unable to establish itself. These re-
102 R. II. POR'rER 
sistant plants have been further inbred and their progenies used in hybrid-
ization trials with plants of susceptible varieties. 
GROWTH RESPONSE TO MOSAIC 01'' THE VARIETIES CHINESE LONG, WHITE Sl'l NE 
AND CHICAGO SPECIAL 
From the beginning of the work with the variety Chinese Long, it be-
<:ame evident that its general vigor was somewhat greater than the Ameri-
can sorts we had been using. In the greenhouse, under the same conditions, 
Chinese Long plants made more rapid gains in size of plants and fruits and 
in number of leaves than the White Spine plants. Under field conditions, 
Chinese Long plants usually blossomed earlier and produced more fruits 
per plant than did either White Spine or Chicago Special plants. 
During the summer of 1928, after it was discovered that an occasional 
Chinese Long plant developed mosaic, it became apparent that the symp-
toms of mosaic in this variety were somewhat different than on common 
American sorts. One symptom was a faint mottling of the terminal leaf 
with more yellow spots than commonly occur on White Spine plants. 
Mottling was usually observed only on the terminal leaves. In one or two 
instances, plants showed no mottling, but the upper leaves were decidedly 
crinkled. Transfers from these plants to susceptible ones proved the pres-
ence of the mosaic virus. One typical symptom of mosaic, which was so com-
mon in all American varieties but entirely lacking in Chinese Long in all 
tests to date, was the ''white pickle'' or warty fruits. This reaction gives 
further evidence that the behavior of the variety Chinese Long to mosaic 
is strikingly different than that of any other variety thus far studied. 
A second point of difference in response of this resistant variety was 
the lack of marked stunting. In the greenhouse, one of the earliest notice-
able symptoms of mosaic in the susceptible varieties was pronounced stunt-
ing, accompanied by drooping or downward curling of the juvenile leaves. 
Occasionally a plant recovered somewhat from this depression, but such 
recovery was rare. In the variety Chinese Long, a plant which developed 
mottling showed little or no stunting; in fact, within a few days or a week 
there seemed to be no apparent difference in the vegetative vigor of toler-
ant and resistant plants. It was also common for infected plants of this 
variety to recover within a few days so that no macroscopic symptoms were 
detectable. 'l'his reaction is well illustrated by an experiment conducted in 
1928. On July 30, 20 Chinese Long plants were inoculated with mosaic, 
and on August 12, five showed faint mottling of the terminal leaves. On 
August 15 these symptoms had entirely disappeared and if they had not 
been noted, it would have been impossible to have selected the ones with 
mosaic from those which were free. These infected plants still retained the 
virus because successful transfers were made as late as August 23, as shown 
by CL33 in table 4. In another case, plant CLll-1, which developed mosaic 
symptoms on July 7, had recovered by July 13. If we consider these re-
covered plants free from symptoms we must admit that plants of this 
variety may be carriers of mosaic. 
Further tests to determine the relative amounts of vegetative growth of 
varieties Chinese Long and White Spine following inoculation with mosaic 
were conducted, using the same plants that are recorded in table 3. On 
July 30, 1928, 20 Chinese Long plants were inoculated with mosaic and on 
August 12, five plants were mottled, none were stunted, and they all con-
tinued to grow vigorously. The average height on August 28 of all 20 
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plants was five and one-half feet. All but one of these plants had produced 
normal fruits. In contrast, 20 White Spine plants were inoculated at the 
same time and kept under the same conditions. Fifteen of these developed 
mosaic and the average height of the entire 20 plants was two and one-half 
feet. 'rhree out of the 20 plants developed normal fruits. On August 20, 
ten more Chinese Long plants were inoculated with mosaic. They were 
transplanted to the bench August 23 and closely observed until late in 
September. None of them developed symptoms of mosaic. The average 
height was about four feet. At the same time ten plants of the variety 
Chicago Special were inoculated with mosaic and by August 28, eight of 
them were severely stunted and mottled. On September 12, every one of 
the ten plants was dead as a result of mosaic infection. 
SUMMARY OF THE RESPONSE OF PLANTS OF THE VARIETY CHINESE LONG TO 
"WHITE PICKLE" MOSAIC 
It is evident from the data presented in the foregoing pages that, con-
sidered as a variety, the Chinese Long is herterozygous in its reaction to 
mosaic. A small percentage of plants grown from seed of open-pollinated 
fruits developed faint mottling of the terminal leaves following inoculation. 
Inbreeding within this variety roduced certain lines which are highly re-
sistant to the extent that no symptoms of mosaic were produced and the 
virus from such plants was seldom recovered even though three successive 
inoculations were made. Other lines were produced which are highly sus-
ceptible as indicated by mottling of the leaves. In many such instances the 
symptoms remained for a considerable period of time. A third type of re-
sponse was secured in which the plants developed faint mottling, but re-
covered so rapidly that no symptoms were observed later. Such plants 
may be considered as decidedly tolerant to mosaic. 
In no case was any marked stunting observed which could be attrib-
uted to the effects of the virus. Plants of the variety Chinese Long even 
though inoculated several times maintained their vegetative vigor and ap-
parently produced normal fruits. It is considered that the physiological 
response of this variety to mosaic is markedly different than the response 
of other cucumber varieties thus far studied. 
TYPES OF CUCUMBER MOSAIC 
In any study of a virus disease of plants, the question of the specificity 
of the causal entity as well as its host range usually arises, especially if the 
problem involves the production or isolation of: resistant lines or varieties. 
Jagger (26), in 1917, working with cucumber mosaic, suggested that 
two types of mosaic virus produced disease in the cucumber, one of which 
caused ''white pickle,'' stunting of the plants and mottling of the leaves, 
whereas ,the other virus produced only leaf mottling. Later he (27) re-
ported that a mosaic virus occurred on summer crookneck squash and pie 
pumpkin which could not be transferred to cucumber. Schultz and :B-,olsom 
( 41) described seven distinct virus diseases of potatoes, all of which oc-
curred on the variety Green Mountain. Fernow (21) concluded that the· 
mosaic diseases on 19 different species of plants, 15 of which belonged to 
the Solanaceae, could be divided into eight different types, four of which 
went to more than one host. Johnson (29) showed that eight different mo--
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saics were present on tobacco and related plants, determined on the basis 
0£ their behavior to several factors used as tests. Bennett ( 3) has described 
three distinct mosaic diseases of the raspberry and two other diseases of 
the virus type. 
In contrast to the above evidence on the specialization of plant viruses, 
a few investigators have secured results which indicate that a virus may 
have a wide host range and in addition produce either unusual symptoms 
on a particular host or have all signs entirely masked. Elmer (17, 19) was 
able to inter-transmit mosaic to species in 15 different families and 11 dif-
ferent orders. Doolittle and Walker (14) transmitted the virus of cucum-
ber mosaic to 12 different genera, which included plants of 23 species and 
96 horticultural varieties. Carsner (7) was able to modify the virus of 
curly-top in the sugar beet by passing it through any one of the three 
hosts: Chenopodiitm m1trale L., Rwmex crispus L., or Sitaeda moquini 
Greene, to the extent that mild symptoms were produced when transferred 
back to sugar beets. Walker ( 44) was able to modify the specific properties 
of the mosaic extracts secured from tomato, cucumber or ground cherry by 
inter-transmission from one to the other, thus suggesting the possibility of 
a common causal agent. Hoggan (23, 24) has presented evidence that in-
sects have a selective capacity either for a virus or for a host plant. This 
is of significanse because it emphasizes the importance of various methods 
of inoculation in order to determine the transmissibility of a particular 
virus. Mogendorf ( 32) was able to produce "fern-leaf" of tomatoes regu-
larly with the virus of cucumber mosaic when the peach aphid Myzus 
persicae was used as the vector. 
In 1928 and 1929 an effort was made to secure host plants infected 
with cucumber mosaic from several localities. Samples were secured as 
follows: 
Host plant 
Squash 
Cucumber 
Cucumber 
Cantaloupe 
Cucumber 
Turkish Tobacco 
Milkweed (Asclepias 
syriaca) 
Place 
Yonkers, N. Y. 
Manhattan, Kan. 
Chula Vista, Calif. 
Conesville, Iowa 
Davenport, Iowa 
Lexington, Ky. 
Conesville, Iowa 
Courtesy of 
F. 0. Holmes 
0. H. Ehner 
I. C. Jagger 
D. R. Porter and D. V. Layton 
Davis Greenhouses 
E. M. Johnson 
D. R. Porter and D. V. Layton 
In addition to the above, samples of mosaic were collected at Ames, 
Iowa, on milkweed ( Asclevias syriaca), cucumber, cantaloupe, crookneck 
squash and nutmeg squash ( Cucurbita pepo). Inoculation trials with ex-
pressed juice from the above hosts to cucumber plants (White Spine va-
riety) produced symptoms similar to the ordinary ''white pickle mosaic'' 
disease with two exceptions, namely, nutmeg squash and cucumber plants 
from the Davis Greenhouses, Bettendorf, Iowa. Three attempts in 1929 
to produce infection in variety White Spine cucumber plants with juice 
from mosaic nutmeg squash plants failed. 'When the mosaic specimens 
were collected the host was not known, hence no inoculations were made on 
the host from which the virus was collected. 
The sample of mosaic cucumber plants from the Davis Greenhouses 
was secured in March, 1929. Correspondence with this company in Jann-
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ary, 1929, indicated that mosaic was causing some trouble on their forcing 
cucumbers. Specimens were sent to Ames, but by the time they arrived the 
leaves were too dry and no mosaic was secured from them. Later Dr. I. E. 
Melhus visited the houses at Bettendorf and brought back specimens from 
which the first successful inoculations were made. Additional specimens 
secured in March, 1930, by the writer from these greenhouses proved to be 
infected with the same virus secured the previous year. 
Inoculation trials were first made on cucumber plants of the White 
Spine variety. Each plant became infected, but the symptoms were some-
what different from those produced by the ''white pickle virus.'' Inocula-
tion trials were next made on the plants of the variety Chinese Long and 
100 per cent of the plants became infected. Subsequent studies during the 
summer and autumn ( 38) with this virus have shown that it is distinct from 
the ''white pickle mosaic virus'' described by Doolittle, as shown by dif-
ferences in period of incubation, symptoms and hosts attacked. This virus 
will hereafter be referred to as Cucumber virus 2, since Johnson (29) has 
termed the ''white pickle virus'' ''Cucumber virus 1.'' 
EXPERIMENTAL RESULTS WITH CUCUMBER VIRUS 2 
The first inoculations with ucumber virus 2 were made in March, 
1929. Subsequent inoculations were made throughout the spring and sum-
mer. Table 4 records the cucumber plants subjected to infection with this 
virus. The inoculu:r;n used each time was taken from a young, vigorously 
growing plant showing typical symptoms of the disease. 
The data presented in table 4 show that out of 14 sets of plants which 
were inoculated, 100 per cent infection was secured in ten of them. Two 
hundred and nine plants were inoculated and 184 became infected, which 
is equivalent to 88 per cent. In addition to plants of the varieties White 
Spine and Chinese Long, some selfed lines within these varieties were used. 
The period of incubation for this virus varied with the environmental 
conditions and with the host used. The minimum period of incubation in 
all plants of the Chinese Long variety was six days, the maximum 22. The 
majority of the plants showed symptoms within 15 days or less. In the 
variety White Spine the minimum period of incubation was five days and 
the maximum 11 days. 
In order to make a fair comparison of the incubation period between 
the two varieties, it is necessary to refer to the instances where both types 
were inoculated on the same days with the same inoculum. On June 22, 
four plants each of Chinese Long and White Spine were inoculated. The 
former showed symptoms on two plants in 11 days, the latter showed sym~­
toms on two plants in eight days. On June 25, another test was run in 
which eight plants of CL16 and five of White Spine were inoculated. The 
first symptoms appeared on CL16 in eight days and on the White Spine in 
five days. On June 29, in another test, the results were somewhat similar, 
the first symptoms appearing on CL16 and CL4 in six and nine days, re-
spectively, whereas, on \\Thite Spine the first symptoms appeared in five 
days. It is evident that the period of incubation for Cucumber virus 2 in 
the variety Chinese Long is one to three days longer than in the variety 
White Spine. 
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TABLE 4. Reaction of cucumber plants to Cucwmber virus 2 
Total Total 
Date plants plants 
Source of virus Plants inoculated Date in- symptoms inocu- in-
oculated appeared lated feeted 
Cucumber from White Spine Mar. 5 Mar. 13 15 15 
Bettendorf 
White Spine Chinese Long " 25 Apr. 7 
cucumber " 11 
" 16 17 17 
" CL4-1 " 25 " 7 
" 11 
" 16 21 21 
" 
CL4-1-2 
" 25 " 7 
" 
11 
" 16 20 20 
" 
CLS-1-8 May 5 May 21 
" 
23 
" 
24 23 17 
" 
CLS-1-S " 24 June 1 
" 
3 
" 8 71 54 
" 
X25 June 22 " 30 July 1 
" 
3 8 8 
" 
Chinese Long " 22 " 3 
" 6 4 4 
" WS7-1-1 " 22 June 31l July 3 4 4 
" CL16-1 " 25 " 3 
" 4 8 8 
" White Spine " 25 June 30 July 1 
" 2 5 5 
" 
CL16-l " 29 " 5 
" 6 6 5 
" White Spine " 29 " 4 
" 
5 6 6 
" CL4-1·2 " 29 " 8 ii 2 
COMPARISON OF CUCUMBER VIRUSES 1 AND 2 
It has already been stated that Cucumber virus 2 differs from the 
"white pickle virus" in period of of incubation, in symptoms produced and 
in hosts attacked. Comparisons bearing on the incubation period can only 
be made on a host susceptible to both viruses and since the Chinese Long 
cucumber is relatively resistant to Cucumber virus 1, a study was made on 
plants of the variety White Spine, using both selfed lines and open pollin-
ated material. 
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Table 5 presents some data indicating that the incubation period for 
Cucumber virus 2 is two to four days longer than for Cucumber virus 1. 
The number of days required for the first symptoms to appear when Cucum-
ber virus 1 was used were four, four, four and two, respectively, in the four 
differ ent sets of inoculations made. 'rhe incubation period for Cucumber 
virus 2 was eight, four and six days, respectively, in the three sets of inocu-
lations made. It is also evident from these data, as well as from many other 
tests, that a higher p ercentage of the plants became infected when Cucum-
ber virus 2 was used than with Cucumber virus 1. In table 5 the data show 
that 100 per cent infection occurred with Cucumber virus 2 and only 73 
per cent with Cucumber virus 1. Data from table 4 show that even with a 
relatively large number of plants, 88 per cent became infect ed in tests with 
Cucumber virus 2. 
TABLE 5. Relative periods of incubation for Ciwiimber viruses 1 and 2 
Date Total plants 
Virus used Plants Date in symptoms inocu· in-
USC':l oculated appeared lated frctcd 
-
Cucumber virus 1 White Spine .June 15 June 19 5 3 
From milkweed WS7-l-l " 22 " 26 5 5 
" White Spine " 25 " 29 July 1 
" 3 10 5 
" White Spine 
,, 29 ,, 1 
" 3 6 6 Cueumber virus 2 WS7-l -l ,, 22 June 30 
from White Spine July 6 4 4 
" 
WS7-l-l 
" 25 June 29 July 1 
,, 6 5 5 
,, White Spine 
" 29 " 5 
" 8 6 6 
SYMPTOMS OF OUCU111BER VIRUSES 1 AND 2 
One of the most outstanding differ ences between Cucumber viruses 1 
and 2 is the effect produced on hosts of the same strain or variety. The 
symptoms of Cucumber virus 1 as observed by the writer are similar to 
those described by Doolittle ( 11), except that under greenhouse conditions 
there is little or no mottling produced on young, vigorous plants, which 
have developed the fourth leaf above the cotyledons at the time of in-
oculation. These plants show a marked stunting effect two or three days 
after inoculation. The leaves which receive the inoculum usually droop, 
curl downward and present a leathery appearance. 
Symptoms produced by Cucumber virus 2 in the early stages of in-
fection are distinctly different. The first signs occur either on the terminal 
leaf or on those receiving the inoculum, in the form of one or more yel-
low, irregularly shaped spots. Later these spots increase in number and 
produce a densely mottled pattern of yellow and green as shown in Plate I, 
figure 1. This condition is similar to the symptoms produced on cucumbers 
by the ring spot virus except that in the latter case the yellow spots are 
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smaller and more circular in outline. Symptoms of Cucumber virus 2 and 
ring spot virus are illustrated in Plate I, figure 1. No stunting effect is 
manifest with Cucumber virus 2 until a few days after the first symptoms 
appear. The terminal leaves do not droop, but remain rigid throughout the 
life of the plant. The writer has never observed any visible symptoms of in-
fection on the fruits. 
Plate II, figure 1 shows the response of cucumber plants to Cucumber 
virus 1. The marked stunting of the White Spine plant on the right is a 
decided contrast to the Chinese Long plant on the left. The center plant, 
which is an F 1 hybrid of variety Chinese Long x variety White Spine, 
shows an intermediate reaction. This plant is X25 recorded in table 4. 
Plate II, figure 2, is a duplicate of Plate II, figure 1, except that Cucumber 
virus 2 was used as the inoculum. Each of the plants in these two figures is 
representative of several plants of the same kind. 
DIFFERENTIAL HOSTS 
Elmer (20 and the writer (35, 36) have referred to the high degree of 
resistance in cucumber plants of the variety Chinese Long to ''white pickle 
mosaic. Further data have been presented in another chapter of this paper. 
In contrast to the resistance of this host to Cucumber virus 1, is its strik-
ing susceptibility to· Cucumber virus 2 as shown in table 4. The Chinese 
Long cucumber, then, is a differential host for these two viruses. 
Another differential host apparently is the watermelon ( Citrullus vul-
garis Schrad.). Thus far, plants of the varieties Tom· Watson, Kleckley 
Sweet, Cuban Queen, Mountain Sweet, Halbert Honey, Thurman Gray and 
Phinney 's Improved have been used in the inoculation tests. Infection does 
not occur as readily as it does in varieties of cucumber, but mosaic symptoms 
have been produced experimentally in the greenhouse on plants of all the 
varieties mentioned above. Some of these plants were later transplanted 
to the field and the virus again recovered by inoculation into cucumber 
plants. The symptoms on young plants were faint to prominent mottling 
o.f the juvenile leaves, followed by either a slight or severe stunted appear-
ance. Plate III, figure 1, shows the relative size of infected and non-in-
fected watermelon plants. Older plants in the field masked the symptoms,' 
although faint mottling often occurred in the terminal leaves. Plate IV, 
figure 1, shows both healthy and mosaic leaves taken from Tom Watson 
plants as a result of infection with Cucumber virus 2. Table 6 presents some 
data bearing on the susceptibility of watermelon varieties to Cucumber 
virus 2. 
In addition to watermelon as a host, infection with Cucumber virus 2 
was secured on plants of the West India gherkin ( Ciicumns anguria), thP. 
African citron ( Citrulltts vulgaris) and Green Seeded citron ( Citrullus 
vitlgaris) as shown in table 7. The symptoms were similar to those on 
watermelon and are illustrated in Plate III, figure 2, and Plate IV, figure 2. 
'l'he latter named were also susceptible to Cucumber virus 1. Two plants 
of each were inoculated on October 6, 1929, and one of each developed dis-
tinct mottling on October 11. Stunting was observed and the mottling 
was more pronounced than when Cucumber virus 2 was used. 
The writer has never been able to produce infection in watermelon 
plants of any variety with Cucumber virus 1. Jagger (27) states that he 
secured infection on two watermelon plants, variety Cole's Early, with 
TABLE 6. Reactwn. of watermelon a11d C'llC'lMnber plants to Cucumber virus 2 
=========================;========================:::==========~--;===========:r===========;======== 
Source of virus 
White Spine cucumber 
(filtrate from fritted glass filter) 
" 
" 
" Tom Watson watermelon 
(from greenhouse) 
" 
" Tom ·watson watermelon 
(from field) 
C:L-1-1-1 
Cucumis angurin 
carrie through the winter) 
" 
" 
" 
" 
" White Spine (virus secured from 
Davis Greenhouse in March, 
1930) 
" 
" 
" 
" 
" 
" 
" 
" 
1Transplanted to field. 
Plants inoculated 
White Spine Cucumber 
Tom Watson watermelon1 
" F 1 (Tom Watson x citron)' 
Tom Watson 
Tom Watson 
White Spine 
C:Ll-1-1 cucumber 
Tom Watson 
WS9-l cucumber 
WS7-l-2 " 
X25 '' 
X21 '' 
Kleckley Sweet watermelon 
Halbert Honey watermelon 
WS9-l 
WS7-l-2 
X25 
X21 
Cuban Queen watermelon 
Thurman Gray '' 
Mountain Sweet '' 
Kleckley Sweet '' 
Phinney 's '' 
'Transplanted to field June 28, symptoms appeared on two about July 12. 
''rwo plants died early from wilt. 
'Three plants died early. 
Date 
1929 
June 13 
June 13 
June 28 
June 13 
July 15 
Aug. 1 
" Sept. 11 
Oct. 6 
1930 
Apr. 10 
" 
" 
" 
" 
" Apr. 11 
" 
" 
" 
" 
" 
" 
" 
" 
Date symp-
toms ap-
peared 
1929 
June 19 
June 30 
July 10 
July 27 
Aug. 10 
Aug. 8 
Sept. 25 
Oct. 16 
1930 
Apr. 26 
" None 
Apr. 26 
May 5 
" Apr. 27 
Apr. 26 
Apr. 28 
None 
May 5 
" 
" 
" Apr. 30 
Total 
plants 
inoculated 
5 
3 
3 
2 
3 
3 
5 
2 
3 
2 
2 
2 
5 
4 
2 
2 
1 
1 
4 
4 
4 
4 
4 
Total 
plants 
infected 
5 
2 
2 
2 
3 
3 
5 
1 
2 
2 
0 
2 
3 
3 
2 
2 
1 
0 
2' 
1' 
3 
3 
3 
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cucumber mosaic, but he did not prove the presence of the virus by cross 
inoculation to cucumber. Doolittle and Walker (14) were unable to pro-
duce mosaic on Tom Watson, Halbert Honey, Kleckley Sweet, Mammoth 
Santiago, Olds 1908, and Sweet Heart watermelons. Mosaic in the field 
has never been observed by the writer on watermelons in Iowa, except on 
F 1 plants of a watermelon-citron hybrid. In two cases, the virus was recov-
ered from such hybrid plants and transferred to cucumber plants of the 
Whtie Spine variety, where typical mosaic symptoms of Cucumber virus 1 
were produced. 
EFFECT OF FILTRATION ON CUCUMBER VIRUS 2 
Only one attempt has been made to filter the active agent in Cucumber 
virus 2. In this instance infected leaves from a White Spine cucumber 
plant were macerated in a mortar, sterile >Yater added, and the mixture was 
then poured into a fritted glass filted No. <7. The filtrate was used to 
inoculate watermelon and cucumber plants as shown in table 6. The filtrate 
proved highly infectious. At the same time, the residue, to which a small 
amount of water had been added, was used to inoculate five White Spine 
plants on June 13. One plant developed mosaic on June 28. 
TABLE 7. Reaction of citron plants to Cucumber 11irus 2 
Date Total Total 
Plants symptoms plants plants 
Source of virus inoculated Date appeared iuocu- in-
lated fected 
1929 
CLl-1-2 African citron Oct. 6 Oct. 16 5 2 
1930 
Cucnmis anguria ,, Apr. 10 May 5 5 3 
" " " 30 
,, 15 8 5 
" 
Green See-fod 
" 10 " 5 4 2 
citron 
,, 
" " 30 " 15 8 3 White Spine (virus African citron ,, 11 ,, 5 4 2 
seeurcd from Da-
vi.9 Greenhouse in Green Seeded " 11 " 15 4 1 
March, l!J30) citron 
DISTRIBUTION OF CUCUMBER VIRUS 2 
No extensive effort has been made to determine the distribution of 
Cucumber virus 2. Jagger (26) in 1917 reported a separate and distinct 
mosaic disease of cucumber near Rochester, New York. He found that it 
produced a mottling of the leaves, but showed no effect on the fruits. No 
further description of the symptoms was given, hence it is difficult to make 
a direct comparison with Cucumber virus 2. Jagger suggested that the dis-
ease he worked with might be the same as reported by Selby in Ohio and by 
Stone in Massachusetts. Cucumber virus 2 has been found in only one lo-
cality in Iowa to date, whereas, Cucumber virus 1 is widespread. It is of 
some significance, however, that mosaic cucumber plants were secured by 
mail from the Davis Greenhouses in March, 1930, just one year later than 
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the first sample. Inoculation trials on cucumber, watermelon and citron 
plants resulted in infection with symptoms identical to those secured the 
previous year, as shown in tables 6 and 7. The present indication is that 
the range of Cucumber virus 2 is limited. 
HYBRIDIZATION EXPERIMENTS WITH CUCUMBERS 
CLASSIFICATION OF VARIETIES OF CULTIVATED CUCUMBER 
The common edible cucumber used in Europe and North America is 
classified botanically as Cucumis sativus L. Bailey ( 1) states that although 
there are many varieties of the species in cultivation, in general the group is 
variable with unstable species and indefinite varietal distinctions. He says, 
however, that certain types are dominant, that these types may be separated 
and most of the varieties can be conveniently classified around these types. 
The principal types, according to Bailey, are as follows : 
I. English forcing type, var anglicus. Large leaved, strong-growing, 
slow-maturing plants; fr. large, long, smooth, usually green with few 
or early deciduous black spines. Three commercial varieties are given 
under this type. 
II. Field varieties 
A. Black Spine. 
1. Netted Russian. 
2. Early Cluster. 
3. Medium Green. 
4. Long Green type. One of the best fixed varieties, representing 
perhaps one of the mort primitive stages in the evolution of the 
group. Vines large, long and free growing; fr. large and long, 
green, ripening yellow, with scattered black spines. Long Green 
and Japanese Climbing are representatives of this type. 
B. White Spine varieties. 
1. White Spine type. 
2. Giant Peru type. Mostly poorly fixed varieties having large, 
rather unthrifty vines, bearing large frs. tardily and sparsely, 
which are white or whitish, smooth or with scattering, deciduous, 
usually white spines. This type is represented by Chicago Giant, 
Giant Peru and Long Green. 
DESCRIPTION OF THE VARIETY CHINESE LONG 
Cucumber plants of the variety Chinese Long are similar to plants of 
some of the White Spine varieties. The leaves average slightly larger, have 
a deeper green and have a more leathery or coarse texture than leaves of 
the Arlington Improved White Spine. The flowers also are usually larger, 
opening out with broad petals. The main point of differentiation is in the 
size and shape of fruits which in the Chinese Long are long and slender-
necked, often curved or crooked like a crookneck squash. In the greenhouse 
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and field these fruits may grow to be 24 inches long and two to two and one-
half inches thick at the greatest diameter. The fruits are not a pickling 
type, but they are satisfactory for slicing purposes. The fruits, when 
young, are well covered with white spines which shed as the fruits mature. 
'I'he vines grow more rapidly in the greenhouse than White Spine plants, 
but in the field they do not branch so profusely. In China this variety is 
used almost exclusively as a climbing cucumber, where it produces an abun-
dance of green fruits, which ripen yellow. 
Bailey (2) states that the fruits of the variety anglicits produce few 
seeds, a condition confirmed by the writer's observations, but such a tend-
ency has not been observed in the variety Chinese Long. The latter hybrid-
izes readly with plants of both the White Spine and Chicago Special va-
rieties, but two attempts to cross it with Rollison 's Telegraph, representing 
the variety anglicus, failed. 
It is evident that the Chinese Long cucumber is closely related morpho-
logically to White Spine, Chicago Special and Davis Perfect and should 
be grouped in the species Cucumis sativus L. It is not a black spined va-
riety, therefore it cannot be grouped with Long Green in Bailey's classi-
fication nor under the Giant Peru type because the fruits are green, ripen-
ing yellow. Physiologically, it is unquestionably different from all other 
varieties thus far studied in its reaction to mosaic. 
PRODUCTION OF HYBRID CUCUMBERS 
The undesirable fruit type of the Chinese I;ong for pickling purposes 
led to hybridization experiments with American sorts of the pickling fruit 
type. Dr. 0. H. Elmer made the first crosses, using plants of the Arlington 
Improved White Spine variety as one of the parents. 
The plants used for hybridization experiments were grown either in 
eight-inch pots or benched in soil. Practically all of the pollinating was 
done in the early morning between 5 :30 and 7 :30 soon after the flowers 
opened, using a small camel's hair brush to transfer the pollen from the 
staminate to the pistillate flowers. After pollination each fruit was tagged 
and the flower petals tied shut with a string. In most cases the flowers were 
tied shut before they were open to prevent insect visitation, but insects were 
not common and it was noticeable that fruits not artificially pollinated 
usually died from lack of fertilization. 
THE Fi, F, AND Fa GENERATIONS 
'I'he first crosses between Chinese Long and White Spine were made 
with plants from open pollinated fruits, because no selfed lines were avail-
able. Because of the monoecious character of Cumumis sativus hybridization 
can be accomplished readily. The first hybrids were designated Xl, X2, 
when the female parent was of the Chinese Long variety. The reciprocal 
cross was designated by Rl, R2, . . . As soon as the fruits resulting from 
the cross were ripe the seed was removed, dried and a few seeds from sev-
eral crosses planted in pots in the greenhouse. 'I'hree plants per pot of each 
hybrid were allowed to remain, of which two were inoculated with Cucumber 
virus 1 and the third one left as a check. The F 1 plants thus tested were 
Xl, X3, X6, XB, X9, Xll, X12 and Rll. In each case all plants inoculated 
developed mosaic. The non-inoculated plants from each set were benched, 
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and one or two fruits were self-pollinated on each plant. Hybrid vigor in 
the Fi generation was pronounced, as evidenced by the rapid growth, large 
leaves and large fruits produced on the plants. The fruits produced were 
not all of the same shape or color. None of them were typical of the Chinese 
Long, nor were they short and cylindrical like those of the 'Vhite Spine. 
They were more of an intermediate type between the two parents. The fruits 
ranged from seven inches in length and seven and one-half inches in circum-
ference to 14 inches long by nine and one-half inches in circumference, at 
the greatest diameter. Most of the fruits were green, but a few on certain 
plants were either yellow or greenis}J. white, a condition probably explained 
by discovering later that the Chinese Long parent in that cross produced 
both yellow and white fruits when selfed one generation. As a result of 
these tests, it appeared that susceptibility to mosaic was a dominant char-
acter, but that the fruit type of the Fi was intermediate. Later tests with Fi 
plants indicated that susceptibiliy might not be completely dominant. On 
April 4, 1928, 20 plants of X3 were inoculated and ten became infected. 
The infection on the checks was 76.2 per cent. Again, on May 1, 15 plants 
each of X21 and R9 were inoculated. In each case only two plants became 
infected. 
Limited inoculation tests with plants of the F 2, F 3 and F 4 generations 
resulting from the crosses refeq;ed to were carried out, but the numbers 
used were necessarily small and the trials were all conducted late in the 
fall at a time when cucumber plants do not grow well. Enough inoculations 
were made, however, to indicate that the factor or factors responsible for 
the mosaic resistant character in the Chinese Long variety could be segre-
gated and combined to some extent with the pickling fruit type of the 
White Spine variety. More complete evidence of this indication was secured 
in tests involving backcrosses. 
REACTION TO MOSAIC IN PLANTS FROM BACKCROSSES 
In the spring of 1927 several backcrosses were made with F 1 plants 
on each parent, using several combinations. The system used in designating 
the crosses is presented below in tabular form: 
'i? cf Crol'lS ·:l csigna ted by 
X12 X12B X12B 
CLl X7 CLlBl 
CLll Rll CL11Bl 
CL11 Rll CL11B2 
R9 WS7 R9B'l 
R9 WS7 R9B'2 
Rll CIJ2 R11Bl 
R13 WS7 R13B' 
The system used in designating the backcrosses is such that the original 
female parent is indicated in the first letter, for example, X12B is a back-
cross on the variety Chinese Long as male parent with an Fi in which the 
Chinese Long is the female parent. Also, R13B' is a backcross on the va-
riety White Spine used as the male parent with an Fi in which White 
Spine is the female parent. 
114 R.H. PORTER 
Beginning in May, 1928, seed from six of the backcrosses ·were planted 
in flats and the plants produced were inoculated in June with Cucumber 
virus 1. Several days after infection developed on part of the plants, the 
non-infected ones were reinoculated, transplanted to greenhouse benches 
and allowed to grow for several weeks in order to allow ample time for later 
development of mosaic. Plate I, figure 2, shows the response of plants from 
seed or R13B' just nine days after inoculation. Susceptible plants of this 
lot were badly stunted, but the non-infected plants made rapid growth. 
The final readings on all lots were made July 10 and the results are pre-
sented in table 8 in two parts, showing the response of backcrosses with F 1 
on varieties ( 1) Chinese Long and ( 2) White Spine. 
TABLE 8. Re.~ponse to mosaic by C'l.W'Umber plants fro'Yli backcrosses, 1928 
Backcross 
number 
CLllBl } CLlBl X8B X6B RllBl Total 
R13B" 
'F,xCL. 
'F,xWS. 
No. plants 
inoculated 
29 
30 
29 
30 
30 
148 
30 
•r =infected; F =free. 
,,,. 
Date final No. 
Date readings infected Ratio l:F' 
6-12-28 7-10-28 13 0.81:1 
" " 
16 1.14: 1 
" " 13 0.81:1 6-13-28 " 17 1.3 :1 
" " 12 0.67:1 
71 0.92:1 
6-12-28 
" 21 2.3:1 
At the time the inoculations were made all plants in the greenhouse 
were in excellent growing condition and they continued so until late in 
July. It is evident that at least some of the inoculated plants which were 
non-infected were in reality resistant. On the basis of the results secured 
in the first part of table 8 it is indicated that mosaic resistance may be 
explained on the basis of a single factor difference segregating as a mono-
hybrid ratio. This point needs further investigation with a larger popula-
tion before any reliable conclusions may be drawn. It is of interest that 
when the backcross of F 1 x White Spine was used, a higher percentage of 
infection took place than with F 1 x Chinese Long. If mosaic resistance is 
explainable as a single factor difference and susceptibility completely domi-
nant, all progeny of this backcross should be susceptible. 
Further study of the reaction to mosaic in backcrosses was made dur-
ing 1928, 1929 and in the spring of 1930. In table 9 the results of all the 
tests not given in table 8 are presented. In the summer of 1928 seed from 
one selfed fruit of a mosaic free plant of R13B' was saved and planted in 
the fall of 1929. All plants which r esisted infection after the first inocula-
tion were subjected a second time to an inoculation with mosaic virus. The 
total number of nine which remained free contained no virus, as shown by 
three unsuccessful attempts to cross-inoculate from each of these nine to 
plants of susceptible varieties on which no mosaic developed. No seed was 
saved from any of these nine plants because they did not mature. In the 
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spring of 1930 two sets of plants of this same strain, R13B'-1, and from the 
same seed lot were subjected to inoculation two and three successive times, 
respectively, and 14 plants out of 34 remained free from infection as far as 
outward symptoms were concerned. Plate V shows a plant of CLS-2 and 
two plants of R13B'-1 each with a fruit of the pickling type. One plant of 
the latter strain remained free from mosaic, the other became mildly in-
fected. 
An important condition noted in one test was the lack of stunting ex-
hibited by infected plants. This was apparent in plants from the back-
crosses of CL11B2 and CLlBl shown in table 9. None of the 42 infected 
plants of CL11B2 and only one of the 30 infected plants of CLlBl were 
stunted. This condition was similar to what occurred with both open pol-
linated and selfed lines of the variety Chinese Long parent and may be of 
significance since it was noted only when the F 1 was backcrossed to the 
Chinese Long parent. This result may indicate that complete resistance 
to mosaic is established by complementary factors and that tolerant plants 
may possess most of the factors for resistance, but not enough to prevent 
the expression of mild symptoms of mosaic. McRostie (30), working with 
the inheritance to bean mosaic, found what appeared to be relative resist-
ance. He advanced a two-factor hypothesis to account for the inheritance 
of resistance and susceptibility. . .. 
TABLE 9. Reaction to mosaic by cum11nber plants from backcrosses, 1928-1930 
No. 
Back- times 
croS11 No. plants Date Date final inocu- No.in- Ratio 
number inoculated readings lated fected I:F 
CL11B2 49 7-27-28 8-12-28 1 42 6:1 
CLlBl 47 7-27-28 8-12-28 1 30 1.77 :1 
RllBl 47 8-27-28 9-12-28 1 23 0.96:1 
CLlBl 15 4-10-30 5-22-30 2 6 1.5 :1 
RllBl 20 4-10-30 5-22-30 1 10 1:1 
Totals 178 (F,xCL) 1 111 1.66:1 
R9B'l 23 4-10-30 5-22-30 1 12 1.09: 1 
Rl3B'-l 29 9-12-29 11-15-29 2 20' 2.22:1 
Rl3B'-l 14 3-30-30 5-22-30 3 6 0.75:1 
Rl3B'-l 20 4-10-30 5-22-30 2 14 2.33:1 
Totals 63 (F,x WS) 40 1.74:1 
'Cross inoculations at th1·ee successive intervals were made from the nine resistant 
plants to WS plants. No infection took place at any time. 
Some additional tests were made in the spring of 1931 using seed from 
the strain R13B'-1-9-1, a third generation selfed line from the backcross 
R13B'. A total of 26 plants were inoculated three different times at in-
tervals of a week to 10 days, with the result that one plant became markedly 
stunted by mosaic, eleven were tolerant as indicated by faint mottling of 
the terminal leaves, vigorous growth and production of normal fruits, while 
the balance of 14 plants never showed any signs of mosaic. All of the plants 
save the stunted one produced fruits similar in type to those of the White 
Spine variety. 
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The data secured do not completely explain the behavior of the mosaic 
resistant character, but the evidence indicates that resistant plants can be 
segregated from a backcross and that by continued inbreeding the short 
fruit type may be combined with a high degree of mosaic resistance. 
SUMMARY 
The cucumber variety, Chinese Long, was found to be highly resist-
ant to the virus of "white pickle mosaic" (Cucumber virus 1). A small 
percentage of the population became infected to a moderate degree, but 
such plants were decidedly tolerant to the virus, exhibiting no retardation 
in growth. Several inbred lines showed 30 to 55 per cent infection with 
110 loss of vegetative vigor, following inoculation. 
Tolerant plants often outgrew the symptoms and in such instances the 
virus was recovered by cross inoculation to known susceptible plants. At 
two different times mosaic was successfully transferred from inoculated • 
plants on which no symptoms were observed. Faint to prominent mottling 
and in one case curling of the terminal leaves were the most common symp-
toms of mosaic on tolerant plants. Such symptoms as "white pickle" and 
stunting were not observed. 
A new type of mosaic virus, designated as Cucumber virus 2, was se-
cured from the Davis Greenhouses near Davenport, Iowa. Seven varieties 
of watermelon, the African citron, Green Seeded citron, West India gher-
kin ( Oucumis anguria) , and the Chinese Long cucumber were found to be 
highly susceptible to this virus. Stunting and mottling were common symp-
toms in the greenhouse, but in the field the plants often outgrew the symp-
toms. 
The incubation period of Cucumber virus 2 is from two to four days 
longer than Cucumber virus 1 in White Spine plants. Stunting was not so 
pronounced on White Spine plants with this new type of mosaic as with 
''white pickle mosaic'' and in no case were symptoms detected on the fruits 
when Cucumber virus 2 was used. 
Cucumber virus 2 may be the same virus briefly described by Jagger 
(26) in 1917, but no data bearing on this point were secured. The present 
indication is that the geographical distribution of this virus is limited. 
Plants of the variety Chinese Long are morphologically similar to 
plants of the variety Arlington Improved White Spine except in fruit 
shape, which in the former variety is long and slender. Many fruits were 
two feet in length. It is evident that this variety should be classed as 
Oucumis sativus L. 
Hybridization between the varieties Chinese Long and White Spine 
was readily accomplished. Susceptibility to mosaic was found to be domi-
nant in most of the inoculation trials and the fruit type of the F 1 was 
intermediate, resembling more closely that of the White Spine parent. 
Segregation for resistance and susceptibility apparently occurred in 
the F 2, F 3 and F 4 generations and in the first generation from the back-
crosses. When the backcross of F 1 x Chinese· Long was used the segregates 
were more commonly resistant and tolerant plants. 
Nine plants out of 29 of the selection R13B'-1 resisted infection with 
the ''white pickle virus'' following two inoculations, and three attempts 
to recover the virus from these nine plants failed. The fruits on these plants 
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were of the short -pickling type, indicating that the combination of the 
characters for mosaic resistance and pickling fruit type had occurred. 
No reliable ratios bearing on the behavior of the mosaic resistant char-
acter were obtained. 
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PLA'rE I 
Pig. 1. Symptoms of Cucumber '>irus 2 and Ringspot virus. 
a and c, healthy. 
b, Cucumber 'irus 2. 
d, Ringspot virus. 
Pig. 2 Segregation of ~usccptible and resistant plants of the backcross R 13 B'. ln 
this test 4 plants out of 15 remained free from mosaic after inoculation. They 
are tall and apparently healthy. Infected plants are short and stunted. 
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PLATE II 
Fig. 1. Reaction of cucumber plants to Cucumber vi rus 1. 
a. Chinese Long 
b. F 1 hybrid (Chinese Long x White Spine) 
c. White Spino 
Fig. 2. Reaction of cucumber plants to Cucumber virus 2. 
a. Chin&.;;e Long. 
b. F 1 hybl"id (Chinese Long x White Spine) 
c. White Spine. 
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PLATE III 
Fig. 1. Effect of Cucumber virus 2 on watermelon plants. 
a. Infected (left) showing stunted growth 
the variety Phinney's Improved. 
and non-infected (right) plants of 
b. Infected (left) showing stunted growth and non-infected (right) plants of . 
the yariety Mountain Sweet. 
Fig. 2. Effect of Cucumber virus 2 on citron plants. 
a. A non-infected plant of the Green Seeded citron. 
b . An infected plant of the Green Seeded citron. 
c. Infected (right) showing stunted growth and non-infected (left) plants of 
the African citron. 
TIIE REACTION OF CUCUMBERS 'fO TYPES OF MOSAIC 125 
.~ 
I 
126 R.H. PORTER 
PLATE IV 
Fig. 1. Effect of Cucumber virus 2 on Tom ·watson watermelon. 
a. Leaf from healthy plant. 
b and c. L eaves from an infected plant. 
Fig. 2. Effect of Cucumber virus on leaves of citi-on and watermelon plants. 
a, b and c. Left to right, leaves from infected plants of African citron, Green 
Seeded citron and Phinney 's Improved watermelon, i·cspectively. 
d, e and f. Duplicate of a, b and c, except all leaves arc from non-infcetc·l 
plants. 
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PLATE V 
'fypes of fruits on cucumber plants resistant and susceptible to Cucumber yirus 1. 
a. Chinese Long 
b. Resistant plant of backcross R 13 B'-1. 
c. Moderately susceptible plant of backcross R 13 B'-1. 
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~JIMERIA SEPARATA, A NEW SPECIES OF COCCIDIUM FROM 
'rHE NORWAY RA'l' (EPEMYS NORVBGICUS) 1 
ELERY R. BECKER AND PHOEBE R. l!AJ,L 
From the Depart'Ylient of Zoology mid Entomology, fowa State College 
Accepted for publication September 27, 1931 
'l'he most recent discussion of rat coccidiosis appears to be that by 
Perard (1926) 2 • According to this author, the correct name of the rat 
coccidium which has been observed by a number of workers is Eirneria 
miyarii Ohira, 1913. The oocysts of this protozoon are, in general, slightly 
egg-shaped, and measure on an average 18 p. in breadth and 23 p. in length. 
'l'he sporulation process, requiring from two to four days, results in the 
formation of four sporocysts each containing two sporozoites and a residual 
body, but no residual body remains outside the sporocysts. 
In August of this year we obtained near Ames a half grown Norway 
rat which, upon examination of its intestinal contents, was found to be in-
fected with coccidia. By means of subsequent reinfections it was learned 
that this wild rat was actually infected with two markedly distinct species 
of Eimeria. From this material we have succeeded in obtainfog pure infec-
tions with Eimeria miyarii in three white rats, pure infections with another 
Eimeria in three others, and mixed infections in seventeen others. 
The predominant shape of the new coccidium is ellipsoidal, often ap-
proaching the spherical, but it was found that practically all the apparently 
spherical forms revealed themselves as slightly elongated when they were 
rolled about by tapping lightly on the coverglass. Ovoidal forms also exist. 
Measurements on 150 oocysts from one infected rat indicate a size range of 
from 13.1 to 23.8 p. in length and from 11.4 to 18 p. in breadth. The average 
size is 18 by 14.6 p.. The sporulation process, which is completed in less than 
36 hours under optimum conditions, results in the production within each 
oocyst of four spores, each containing two sporozoites and a residual body, 
but no oocyst residual body is left. 
Oocysts appear in the fecal pellets of the rat on the fifth day after the 
feeding of the sporulated forms. This interval, called by Andrews the 
prepatent period, is seven days in the case of Eimeria miyarii. The dura-
tion of elimination of oocysts by the animal, called by Andrews the patent 
period, is not over four days when the infection is produced by a single 
feeding and reinfection is prevented. 'rhe greatest numbers of oocysts are 
produced on the second day, while on the fourth day exceedingly few can 
be found. The patent period in the case of E. rniyarii is five or six days, 
when the infection is produced by a single infective dose. The smaller 
species also appears to be a poor mutliplier, for we do not encounter the 
oocysts in the enormous numbers found in E. miyari'i infections. 
For the new species we propose the name Eimeria separata. A more 
complete discussion of the cocciclia of the rat will be published later. 
1The new species •:lcscribed in this note was discovered during our rest-arches on 
coceidiosis supported by a grant from tho Rocke£elJer Fluid Research Fund at Iowa 
State College. 
'Ferard, Ch. l!J26. Sur la coccidiosc du rat. Ree. Miicl. Vet. Bui. et Mem. Soc. Med-
Vet., 102: 120-124. 
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